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Abstract 
This research investigates the degree to which optical injection improves the 
communication capability of directly modulated semiconductor lasers and evaluates the 
suitability of optical injection for telecommunications applications. An end-to-end digital 
communication system which directly modulates the bias-current of a Fabry–Pérot laser 
diode is used to investigate the bit-rate-distance improvements achieved using optically 
injected Fabry–Pérot laser diodes. The injection strength and detuning frequency of the 
injection signal was varied to determine their impact on the optical communication link’s 
characteristics. This research measured a 25 fold increase in the bit-rate-distance product 
using optical injection locking as compared to the injected laser’s free-running capability. 
A 57 fold increase was measured in the bit-rate-distance product when signal power is 
considered in a power-penalty measurement. This increased performance is attributed to 
the injected signals tolerance to dispersion given its reduced linewidth and chirp. 
This work also investigates the suitability of optical injection for radio over fiber 
applications using the period-one dynamic of optical injection. The all-optically 
generated, widely tunable microwave subcarrier frequency, well above the 3-dB cutoff 
frequency of the laser’s packaging electronics, is modulated with the same baseband 
electronics. This optically carried, ultra-wide spread spectrum signal is transported 50km 
through standard single-mode fiber. After detection with a high-speed photodetector 
followed by removal of the baseband modulation component, the resultant signal was 
found to be suitable for broadcasting with an antenna or added to a frequency division 
multiplexed channel. 
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IMPROVEMENTS TO OPTICAL COMMUNICATION CAPABILITIES 
ACHIEVED THROUGH THE OPTICAL INJECTION OF SEMICONDUCTOR 
LASERS 
 
1. Introduction 
1.1. General Issue 
This chapter provides motivation for researching improvements in optical 
communications in the context of warfighter needs and provides a general overview of 
the nature of work investigated in this thesis.  
This work centers on the application of previously theoretically derived 
parameters of optical injection for improved baseband telecommunication and informatic 
modulation on injected laser dynamics. This study uses optical injection locking to 
improve the bit-rate-distance product of directly modulated semiconductor lasers by 
decreasing the linewidth and chirp of a semiconductor laser under stable optical injection. 
Moreover, the ability to use the optical injection concept to all-optically generate and 
modulate a highly tunable microwave carrier frequency (8 – 26+ GHz) is also explored. 
 
1.2. Problem Statement 
The nonlinear dependence of the index of refraction on photon wavelength causes 
chromatic dispersion which limits the data rate and/or distance capabilities of a given 
optical communication signal. In addition, the inherent relationship of a semiconductor 
 2 
 
laser’s relaxation oscillation frequency and damping rate limit its maximum achievable 
direct modulation rate. The improvement of the bit-rate-distance product, while 
maintaining an acceptable bit error ratio (BER) for a guided optical communications link, 
has the potential to improve overall distance and data rate capabilities. This potential 
improvement has attracted considerable research interest over the past two decades in a 
number of fields. Within this breadth of research, the concept of optical injection locking 
has garnered interest for its promise to improve optical communication capabilities, 
specifically in enhancing a laser’s relaxation oscillation frequency, and through the 
suppression of the deleterious effects of chromatic dispersion. Given the ubiquity of 
optical communications in civil and military communication networks, the reduction of 
system cost, complexity and/or improvement of system performance will yield great 
benefits.   
In this work, a directly modulated Fabry–Pérot semiconductor laser operating 
near 1550 nm under stable optical injection by a distributed feedback laser is used to 
communicate over 60 km of standard optical fiber. The improvements offered by 
injection-locking are then discussed. Improvements to directly modulated semiconductor 
lasers under injection-locking are shown to include the reduction of the optical linewidth, 
increased modulation bandwidth, suppression of nonlinear distortion, and reduction of 
relative intensity noise, mode hopping and chirp [1-5]. Various experimental and 
theoretical analyses of the physical mechanisms resulting in bandwidth and resonant 
frequency enhancement in injection-locked systems have been published [6-10]; 
however, what is missing in the literature is the engineering applicability of injection-
 3 
 
locked lasers on optical communication links. One objective of this thesis is to 
demonstrate and evaluate this engineering applicability and associated limitations.  
Next, this thesis uses optical injection to excite the injected laser into what is 
referred to as the period-one state, where its resonance frequency is enhanced and un-
damped. This excited state is on-off keyed for the transmission of digital data. The 
potential of this capability will be discussed in detail, along with potential limitations and 
instabilities. 
 
1.3. Overview of Optical Communications 
Guided-wave optical communication has been adopted as the primary technology 
used in long distance and high demand terrestrial communication applications because of 
its advantageous properties including significantly lower attenuation, lower interference, 
and higher bandwidth compared to electrical transmission over copper wires, wireless 
radio in mobile applications, and free-space optical communications. 
There are several significant advantages to guided optical communications, 
especially for communication distances over 30 km. One advantage is the very large 
theoretical bandwidth of a standard single-mode fiber (SMF). The difference between the 
longest and shortest wavelengths supported by SMF translates to a frequency difference 
of over 40 THz. That theoretical bandwidth is more than two orders of magnitude greater 
compared to the total free-space radio frequency communications bandwidth defined by 
the International Telecommunication Union’s Radio Regulations board (3 Hz to 300 
GHz). A second advantage of optical communication is the low attenuation associated 
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with SMF (≈0.2 dB/km). This value is over an order of magnitude better than copper 
electric waveguides (in reference to low data rate communications over copper cables; 
attenuation increases significantly with data rate in copper cables). The low attenuation 
per kilometer allows comparatively longer SMF cable runs without the need for repeaters 
or amplifiers.   
Another advantage of using standard SMF is near complete immunity to 
electromagnetic interference, including electromagnetic pulses associated with nuclear 
weapon detonation.  Optical signals do not distort in high magnetic environments and 
because standard SMF is an electrical insulator, ground currents have no effect [11]. 
Optical fibers are also significantly lighter than similarly performing copper and emit 
very little electromagnetic radiation.  
Never the less, guided optical communication does not dominate the entire 
communications industry since copper wires still provide significant benefits for certain 
applications, especially for metropolitan-area networks and last-mile communication 
links. Provided the communication link operates at a slow bit-rate over a short distance 
(by today’s standards), a single communication link can be established for a lower cost 
using copper cables. If the system relies entirely on electronics, the cost savings is due to 
the elimination of the laser diodes and photonic detectors. Furthermore, installation of 
copper network infrastructure is simpler and requires less complicated tools for physical 
layer connectivity. Indeed, this is the reason most last mile communication links in the 
United States rely on copper cables. This dependency is partly due to legacy 
infrastructure, partly due to the low material cost in small quantities, and partly due to the 
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comparative ease of installation. Moreover, at low bit rates, electric transmitters and 
receivers are significantly less expensive and can easily be made to operate in a linear 
mode.   
Wireless radio frequency communication systems possess similar data rates to 
guided electrical systems, with the key advantage that they allow communication without 
a physical connection. Wireless communication is primarily used for spacecraft, mobile 
platforms, or remote locations where it is either impossible or prohibitively expensive to 
install a communication medium like cables or fibers. The relatively low infrastructure 
expense makes last-mile wireless communication quite attractive, but ultimately limits 
each user’s data rates because of multiple access interference issues. 
In guided communications applications devices connect through separate physical 
channels and can communicate without using any of the available bandwidth over 
adjacent physical channels. In contrast, wireless communication, which occurs in the 
presence of multiple devices, is subject to multiple access interference that impedes the 
performance of other devices’ communications. Multiple access interference has led 
wireless communications engineers to develop ways of separating communication signals 
from each other using one or more of six different signal separation domains: Amplitude, 
Frequency, Code, Polarity, Spatial, or Time [12].   
Because of frequency allocation limitations, wireless communication devices are 
forced to use their frequency bandwidth more efficiently by communicating more than 1 
bit per communication symbol. Multiple bits per communication symbol is commonly 
referred to as M-Ary communication [13] and has received very little attention in guided 
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optical communications until recent attempts to modulate the intensity of a laser signal 
with radio frequency signals, generically referred to as radio over fiber [46].  One 
possible path towards the implementation of radio-over-fiber schemes in optical 
communication is to convert amplitude modulated (AM) signals into frequency 
modulated (FM) signals using various approaches. The approach to achieve the AM-to-
FM conversion investigated in this work is the use of the period one dynamic of optically 
injected lasers.   
 
1.4. Overview of Optical Injection 
One objective of this research is to use optical injection to reduce the wavelength 
chirp associated with a directly modulated semiconductor laser used as the transmitter in 
optical communications. Additionally, optical injection-locking will be used to mitigate 
dispersion effects resulting through long distances of standard SMF [14-16]. A reduction 
in temporal dispersion can be achieved by either reducing the dispersion parameter of the 
communication medium, or by reducing the optical spectrum the communication signal 
occupies. Previous research shows that it should be possible for a laser communication 
system to communicate through a significant length of standard SMF under stable optical 
injection, while, without injection, the communication system is unable to communicate 
[17-18]. A direct result of this demonstration is an increase in the bit-rate-distance 
product, a key metric in long distance telecommunications.  
A basic description of optical injection is given in Figure 1.1 whereby a narrow 
linewidth laser (referred to as the master laser) is injected into a second laser (referred to 
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as the slave laser) that is electrically pumped above threshold. The key parameters and 
constraints to stable injection-locking, namely the detuning frequency between the 
injected and injecting laser and the injection strength, will be discussed in Chapter 2. In 
basic terms, a stably locked Fabry—Pérot laser diode can communicate further and faster 
than the same, free running laser diode [19-20].  
The spectral and modulation bandwidth improvements achieved through injection 
locking are shown in Figure 1.2. The optical power spectra show that under injection, the 
multi-mode Fabry–Pérot laser operates in a single transverse mode. Here, the power in 
the one supported mode is increased at the expense of a reduction in the optical power of 
all other Fabry–Pérot modes, thereby reducing detrimental impact of dispersion effects 
when significant lengths of SMF are involved. The modulation bandwidth (S21 response) 
in Figure 1.2 also shows that the maximum possible modulation rate is greatly improved 
over the non-injected case [21, 22]. 
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Figure 1.1. Basic description of optical injection with example stably locked optical 
spectra.  
 
Figure 1.2: Left: shown on left in black, a Fabry-Pérot laser free running, in red, 
optically injected.  Right: the modulation response of the laser under optical 
injection for varied frequency detuning conditions and the free-running case. 
 
A second objective of this research is to demonstrate for the first time, the direct 
generation of consecutively-sequenced spread-spectrum (CSSS) communication symbols 
(compliant with IEEE 802.11a or WiFi) on a widely tunable microwave frequency 
exclusively using baseband electronics requiring no electrical local oscillator. This novel 
modulation architecture reduces the complexity of modulating a microwave frequency, 
effectively introducing a completely new orthogonal domain of communication into the 
field of guided optical communications accessible using baseband electronics. The 
technique on-off-shift keys (OOSK) a microwave frequency which is generated optically, 
utilizing the period-one dynamic of an optically injected semiconductor laser. 
A semiconductor laser’s period-one dynamic or un-damped relaxation oscillation 
frequency due to optical injection can be created using DC electronics and the dynamical 
state conditions can be changed using baseband electronics for frequency or amplitude 
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modulation of the microwave subcarrier. By selecting the detuning frequency and 
injection strength such that a period-one frequency is generated under constant wave 
(CW) injection conditions and then modulating the bias current of the slave laser, an 
optically generated amplitude shift keyed microwave subcarrier frequency is generated.  
This important demonstration shows that the dynamical states of optical injection, 
particularly the period-one dynamical state, as a viable contender for radio over fiber 
technology. These dynamical states are orthogonal to baseband communication symbols 
on the same optical carrier wavelength and accessible using baseband electronics. This 
introduces the possibility of M-Ary communication techniques in guided optical 
communications without high-frequency microwave support electronics as well as a new 
wavelength division multiplexing technique. Baseband wavelength division multiplexed 
signals’ spectral separation is limited by random four-wave-mixing noise which is a 
function of dispersion. Coherent generation of these signals reduces or even eliminates 
random four-wave mixing noise, allowing carrier wavelengths closer than the current 
standard 20 GHz separation. 
 
1.5. Research Focus 
The research investigates the suitability of optical injection for application in 
telecommunication. Previous research has produced parameters that describe and suggest 
an ability to control the complex interaction between injection-locked lasers. This 
research uses those parameters to modulate information onto optical carriers using 
baseband electronics at data-rates consistent with long-haul telecommunications. These 
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experiments focus on the two states of optical injection called optical injection-locked 
(OIL) and period-one (P1) dynamical states of optical injection to show improvements in 
guided optical communications through a significant length standard SMF. It shows a 
reduction in optical linewidth of the optical communication signal while improving 
modulation rate of the laser. This allows an increase in the bit-rate-distance product of a 
given optical communication system. It shows an ineffective communication link, using a 
Fabry–Pérot laser as the transmitter, can be made viable by injection locking this laser.   
This research demonstrates for the first time the ability to create on-off-shift 
keyed microwave frequencies at data-rates appropriate for long-haul telecommunication 
applications using baseband electronics. This novel experiment is executed by taking 
advantage of the P1 dynamic of optically injected semiconductor lasers.  After finding a 
suitable detuning frequency by injecting a slave Fabry–Pérot laser with a master laser and 
tuning the wavelength of each to find the P1 dynamic, the bias current of the slave laser is 
then modulated using relatively simple baseband electronics which changes the 
dynamical states of the optically injected system. This shows, for the first time, the ability 
to use baseband electronics to create communication symbols at data-rates competitive 
with telecommunications applications on a microwave subcarrier. 
 
1.6. Investigative Questions 
This research investigates the degree to which optical injection improves the 
telecommunication capability of directly-modulated semiconductor lasers by 
implementing an end-to-end telecommunication system which directly modulates the bias 
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current of slave laser diodes. This research demonstrates a communication link with a 
Fabry–Pérot laser and characterizes its modulation rate and its bit-rate-distance product. 
This is the first demonstration of an end-to-end communication system operating at 
telecommunication data-rates through representative telecommunication distances using a 
directly-modulated Fabry–Pérot laser diode with baseband support electronics and no 
optical filter. These experiments quantify the degree to which stably-locked optical 
injection (OIL) improves the bit-rate-distance product of a Fabry–Pérot semiconductor 
laser diode under these conditions. This research further investigates the suitability of the 
P1 dynamical state for telecommunications applications. This novel communication 
architecture provides direct access for a baseband communication signal to a microwave 
subcarrier frequency using only baseband electronics at long-haul telecommunication bit-
rates. 
The first step in the OIL investigation experimentally measures the direct 
modulation rate and distance under free-running conditions while the base-band electric 
signal modulates the bias-current using support electronics with cut-off frequency well 
below that of the free-running laser diode itself. The next step characterizes the 
communication link after the Fabry–Pérot laser has been optically injected. These two 
metrics are finally capered at a given bit error rate and signal power. The result is that the 
injected laser has a higher bit-rate-distance product for a given bit error ratio. This 
portion of the work will also investigate the relationship between wavelength detuning of 
the master laser, and the master laser power under stable injection-locking to the link bit 
error rate.  
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 After characterizing communication capability under stably-locked optical 
injection, the P1 dynamic is experimentally explored. The microwave subcarrier 
frequency produced using the P1 dynamical state of optical injection has proven to be 
quite unstable, moving in the frequency domain by as much as 300MHz. The novel 
experimental setup used in this research proves to not only stabilize the P1 frequency, but 
also improves the signal-to-noise ratio (SNR) of the resulting orthogonal-to-baseband 
signal by over 10 dB. This signal is an optically generated on-off-shift-keyed microwave 
subcarrier frequency using baseband electronics. The P1 detuning frequency is found by 
varying the difference between the free running master and slave lasers until a suitable 
microwave frequency is intensity modulating the output of the slave laser. Then the bias 
current on the slave laser is modulated directly which changes the injection strength in 
the slave laser cavity enough that it operates between the P1 dynamical state and the OIL 
state. The frequency of the P1 dynamic is present when the bias current is high and 
absent when the bias current is low. The stability and tunability of the generated 
microwave sub-carrier frequency is analyzed, along with the degree to which the signal is 
orthogonal with baseband communication signals on the same optical carrier. 
 
1.7. Methodology 
A block-diagram of this experimental laboratory setup allowing optical injection 
is schematically depicted in Figure 1.3. Here, a distributed feedback (DFB) master laser 
is injected into a Fabry–Pérot slave laser in a polarization maintaining manner through an 
optical circulator. The master laser has a built-in optical isolator which prevents optical 
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feedback and mutual injection-locking between the lasers’ optical cavities. The injection 
strength can be controlled by changing the bias current on the master laser or by using a 
polarization-maintaining fiber amplifier at the output of the master laser whose output is 
connected to port 1 of the optical circulator. The optical output of the Fabry–Pérot slave 
laser is then connected to port 2 of the optical circulator. Finally, the DC bias current 
from the slave laser is connected to the DC port of the bias tee while the output voltage of 
a signal generator is connected to the RF port of the bias tee through a short coaxial cable 
with SMA connectors.  
The optical output from port 3 of the optical circulator is split into two paths: one 
path is input to an optical spectral analyzer used to observe the coupled systems’ optical 
spectra while the second path is passed through a length of standard SMF. At the output 
of the length of optical fiber, the optical signal is converted into an electric signal using a 
high-speed photo detector, amplified, and characterized by a power spectrum analyzer, 
oscilloscope, or bit-error-rate detector. 
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Figure 1.3: Notional setup of optical injection experiment. 
 
1.8. Organization of Thesis 
This thesis is organized as follows: Chapter 2 describes previous work published 
on optical injection of semiconductor lasers. It introduces the field of optical 
communication, then describes common telecommunication metrics, then focuses on 
optical injection-locking and the P1 dynamic of optical injection. 
 Chapter 3 discusses the novel methods of measuring the degree to which optical 
injection is suitable for guided optical telecommunication applications. It starts with a 
description of the laboratory setup allowing direct modulation of high-frequency 
communication symbols onto an optical carrier and microwave subcarrier using only 
low-pass baseband electronics. Then it describes the process through which the bit-rate-
distance product is measured for an optimum bit-error ratio through different lengths of 
fiber at different modulation rates comparable to telecommunication applications. 
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Finally, chapter 3 discusses the testing and measuring methods to determine the 
suitability of the P1 dynamical state in telecommunication and radio-over-fiber 
applications. This test method effectively provides a direct method of accessing this 
orthogonal domain in guided optical communications using only baseband electronics. 
 In chapter 4, the laboratory results are presented and analyzed. It quantifies the 
degree to which stably-locked optical injection improves the bit-rate-distance product of 
a directly-modulated Fabry–Pérot laser diode at data-rates appropriate for optical 
communications (57 fold). Then it describes the method and effectiveness of directly 
accessing the orthogonal microwave frequencies offered by the un-damped relaxation 
oscillation frequency of the slave laser. It explores the degree to which the P1 frequency 
can be stabilized resulting in signal-to-noise ratio improvement (over 10dB) by selecting 
appropriate baseband modulation rates. Furthermore, it demonstrates, for the first time, 
data-rates appropriate for telecommunication applications using the large-signal 
modulation of the P1 dynamical state. 
Chapter 5 then briefly summarizes the findings and proposes future research 
which should be undertaken to further explore the practicality of this approach to 
improve system performance. This research includes characterizing the dynamics of 
simultaneously locking multiple slave laser diodes, demonstrating the ability to use the 
P1 dynamical state for frequency division multiple access within the same ITU band. 
Another research area includes all-optical microwave mixing using the P1 dynamical 
state of multiple lasers allowing the optical generation of microwave frequencies below 
the relaxation oscillation fluency using dually-locked Fabry–Pérot laser diodes. Potential 
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all-optical P1 frequency detection is proposed using either the optical-mixing properties 
of optical injection or the nonlinear amplification of optical signals by placing a Fabry–
Pérot laser nearly into stably-locked optical injection conditions. 
Appendix A provides information on baseband modulation and demodulation 
techniques. It shows the results of several simulations showing both the frequency and 
time-domain responses of different modulation techniques, focusing mainly on the 
Unipolar Rectangular PAM used in the laboratory experiments. Finally, Appendix A 
introduces the analytical tool called the eye diagram and eye analyzer. This qualitative 
tool is useful, but limited since digital sampling rates of communication symbols are as 
much as two-orders of magnitude slower than the communication data-rate.   
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2. Literature Review 
This chapter introduces the metrics and tools used to evaluate the optical 
communication system created for this research. This chapter also summarizes the 
pertinent research accomplished in the field of optical communications and optically 
injected semiconductor lasers. It starts by introducing an optical communication link’s 
general framework and methods used to evaluate a communications link. Next, 
detrimental optical dispersion effects on long-haul optical communications are discussed, 
followed by an overview of various types of semiconductor lasers implemented as 
transmitters. 
It also provides an overview of optical injection and discusses the effects optical 
injection has on directly modulated semiconductor lasers. It discusses the stably-locked 
optical injection state and the benefits of injection locking. Finally it presents the P1 
dynamical state of optical injection, and emphasizes the two key parameters used to 
control the frequency and modulation depth of the P1 dynamical state. 
 
2.1. Optical Communication and Semiconductor Laser Introduction 
A graphical illustration of an optical communication scheme based on a directly 
modulated semiconductor laser is given in Figure 2.1. In  Figure 2.1, a Bit Error Ratio 
Tester (BERT) producing a baseband binary rectangular passive amplitude modulated 
(PAM) electrical signal is used to modulate a laser diode’s bias current through a bias tee. 
The resultant intensity modulated optical signal emitted by the laser diode can be coupled 
into a significant length of SMF. A distant photo detector can receive and convert the 
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intensity modulated photon stream into a usable microwave electric signal. The signal 
from the photo-detector can be placed into an electric microwave baseband receiver or 
input port of the BERT. This section discusses the features and limitations of this optical 
signal. 
 
Figure 2.1: Cartoon of a directly modulated optical communications system. A 
description of the pulse modulation scheme can be found in Appendix A. 
 
Directly modulating a laser diode, as described in Figure 2.1, is one of the most 
efficient techniques for gigabit and higher communication rates, because of the compact 
nature and comparatively low fabrication cost compared to external modulation schemes. 
The relatively simple task of modifying the bias level of the laser diode’s bias current 
above the laser-action threshold allows for both simpler and higher bandwidth 
modulation electronics which, in turn, requires significantly lower modulation energy per 
bit. One drawback, however, is that the output wavelength of the laser depends on the 
applied current since the semiconductor’s refractive index depends on carrier density 
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[29]. This relationship between modulated current and wavelength shift is referred to as 
wavelength chirp, and causes spectral distortion of the optical gain of the laser. This 
additional spectral breadth results in detrimental effects when the optical signal is passed 
through dispersive media such as long SMF. 
External modulation schemes are more common in commercial optical 
communications systems. External modulation does not experience wavelength chirp and 
currently holds the highest bit-rate-distance product at the cost of system complexity and 
cost. A comparison between direct and external modulation schemes is given in Figure 
2.2. The advantage of external modulation is that separate devices are used to generate 
the light and to modulate it. This allows a more spectrally pure laser source and avoids 
the detrimental impact associated with wavelength chirp. External modulation also allows 
the emitter and modulator to be individually optimized for overall optimization of system 
performance.  
 
Figure 2.2: Block diagram comparing direct modulation to external modulation. 
 
Since external modulation does not require a laser diode with high-speed 
modulation response to changes in the laser diode’s bias current, the typical trade-off 
 20 
 
between modulation response and spectral purity is avoided. As a result, semiconductor 
lasers for externally modulated architectures are designed to have optimized linewidth, or 
high-Q, properties, and ignore the direct-modulation response. 
Semiconductor lasers used in externally modulated architectures typically have 
extremely narrow optical linewidths, in the range of 80-200 kHz. Indeed, a literature 
review shows that a remarkable full-width half max linewidth of 780Hz in a 
semiconductor laser diode has recently been achieved by using microsphere resonators 
[45]. In laser cavities delivering extremely narrow linewidths, the photon lifetime is too 
long for direct modulation to be practical, as there will not be enough time between 
communication symbols for the light intensity to change. Ironically, the disadvantage of 
externally modulated communications systems is the same as its advantage examined 
from a contradicting viewpoint: there is added system cost and complexity associated 
with having separate components for light generation and modulation. 
Semiconductor lasers, regardless of the method by which they are modulated, 
have an inherent optical linewidth. This linewidth is indicative of the notion that laser 
devices do not generate a delta-function-like irradiance at a single wavelength. Indeed a 
more realistic output profile for a laser is a Lorentzian-like peak encompassing a range of 
wavelengths. This spectral shape is best described by the band structure of the 
semiconductor laser’s active region and the laser’s cavity design. This concept is 
described in Figure 2.3 for a bulk semiconductor material [24]; increased degrees of 
carrier confinement achieved using quantum-well and quantum-dot type active region 
lasers show improved levels of optical linewidths [30,31]. 
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Figure 2.3: (a) Energy band diagram with possible recombination paths. (b) Energy 
distribution of electrons in the conduction band (CB) and holes in the valence band 
(VB). The highest electron concentration is (1/2)kBT above the conduction band 
edge, Ec. (c) The relative light intensity as a function of photon energy based on (b). 
(d) Relative intensity as a function of wavelength in the output spectrum based on 
(b) and (c) [24].   
 
The non-zero linewidth of the carrier laser combined with its chirp results in 
communication limiting effects over lengths of optical fiber due to the relationship 
between the index of refraction of the optical fiber and the wavelength of light coupled 
into the fiber. The group propagation velocity, Vg, of guided light through the fiber core 
depends on the index of refraction of the core, which in turn is a function of wavelength, 
making the group velocity a function of wavelength. As a consequence, the group 
velocity is, in reality, a function of wavelength as shown pictorially in the top sketch of 
Figure 2.4,    1 2g gV V  . This type of dispersion is called material dispersion and is 
illustrated in Figure 2.4 and Figure 2.5. Figure 2.4 shows how a very short light pulse 
with optical spectrum ranging from λ1 to λ2 at time zero, decreases in intensity, and 
increases in time duration as it travels through a dispersive medium for a given 
 22 
 
transmission time τ, because of the wavelength dependence of the fiber-optic material’s 
index of refraction. 
 
 
 Figure 2.4. Illustration of the spreading of the optical pulse as a result of material 
dispersion [24].  
 
Figure 2.5 illustrates that the pulse rate or bit rate modulated onto the 
semiconductor laser, represented by 1/T, will be dispersion limited for a given distance of 
optical fiber depending on the dispersion coefficient of the fiber at the carrier’s 
wavelength, (λ0) and the spectral width of the signal Δλ. To quantify the pulse spreading, 
Δτ, the dependency of group velocity Vg on wavelength through the index of refraction’s 
(ng) dependence on wavelength λ0 needs to be evaluated as well as the spectrum of the 
light source emitted. Δτ increases with fiber length because slower moving photons fall 
further behind the faster ones over longer distances.  As a result, dispersion is normally 
expressed as a spread per unit length and is given by Equation(1). 
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In Equation (1) Dm is called the material dispersion coefficient and is 
approximated as the second derivative of the index of refraction with respect to free-
space wavelength λ.  
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Though Dm can be positive or negative, the width of the received pulse due to 
dispersion, (Δτ), is always positive, given the absolute value of Dm is in Equation(1). 
Popular SMF has dispersion coefficients ranging from -20 to 25 (ps km
-1
 nm
-1
) for center 
wavelengths between 1.1µm and 1.6µm, crossing the zero-dispersion value at 
approximately 1.3µm. 
 
Figure 2.5. Demonstration of the effect of dispersion on a train of optical pulses [24]. 
 
For a fixed length of dispersive fiber, L, which causes a light pulse to have a full-
width-half-max (FWHM) power spread, Δτ1/2, there exists a maximum pulse-rate or 
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minimum T shown in Figure 2.5, at which the light pulses blur into each other so much 
that the pulses are indecipherable thus placing a limit on the pulse-rate capacity for a 
given length of fiber channel. For binary (M=2), return-to-zero type PAM encoded 
signals, the maximum bit rate, B, is intuitively the rate at which the time between pulses, 
T, is equal to 2 FWHM spread times, after that point the inter-symbol interference will 
degrade the performance of the receiver [24]. This relationship is described in 
Equation(3). 
 
 2
1/2
log
2
RZ
M
B



 (3) 
 Generally, non-return-to-zero coding schemes, such as the rectangular PAM 
simulated for the generation of Figure 6.10 have twice the bit-rate capacity for any given 
length of optical fiber compared to similarly shaped return-to-zero coding schemes. 
Therefore, in order to correctly compare the communication capability of a given 
semiconductor laser, effects of modulation schemes and long distance channel effects 
must also be taken into account. 
The pulse shape, both in terms of intensity versus time and intensity versus 
wavelength, also affects the total channel bit-rate capacity. As shown in Figure 2.3, real-
world light emitters have a statistical distribution that is not perfectly flat, possibly 
allowing the intensity of slower moving photons to be lower in magnitude than the 
intensity of fast moving photons from the following pulse. Pulse shaping leads to an 
output temporal pulse shape (intensity versus time) that may allow more pulse-time 
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overlap than described in Equation (3). This in turn could allow a higher bit-rate capacity 
for a given channel at the acceptable bit error ratio.  
With this understanding, it is less important to know the full-width-half-max 
power but instead the relationship between the bit-rate capacity, B, and the root-mean-
square dispersion, represented by σ.  For a reference, taking a Gaussian shape into 
account, the bit rate distance product of a fixed length of fiber is approximately 18% 
higher. With this in mind, Equation (3), with M=2 (binary) becomes: 
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 For Gaussian pulses, σ=0.425 Δτ1/2 for the 18% increase in bit-rate capacity 
expressed above. Since the dispersion limit increases with fiber length and the range of 
source wavelengths, Δλ1/2, it is customary to specify the product of the bit-rate and the 
length at the operating wavelength for a given emitter. So, if Dch is the chromatic 
dispersion coefficient, then the dispersion of the light pulse is LDchσλ. That makes the bit-
rate-distance product, BL, equal to Equation (5). 
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The BL of a fiber optic communication system is a function of both the dispersion 
coefficient of the channel, Dch, and of the chromatic content of the optical emitter, or 
laser diode.  For this research, the objective of which is to increase the communication 
capability of a Fabry–Pérot semiconductor laser, the channel characteristics are set by the 
use of Corning’s SMF-28e+ standard single-mode optical fiber with a dispersion 
coefficient of approximately 17.4 (ps∙nm
-1
 km
-1
) at 1550 nm. 
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The linewidth of a semiconductor laser may be understood by looking at the 
supported band-gap energy between electrons in the conduction band and holes in the 
valence band of the semiconductor material as shown in Figure 2.3.  The band-gap 
energy distribution directly affects the output wavelength of the laser, as described in 
Equation (6). In Equation (6), the wavelength is equal to Plank’s constant, h, times the 
speed of light, c, divided by the band-gap energy times the effective index of refraction of 
the laser gain medium. The wavelength distribution of the output is more appropriately 
described by the carrier distribution in both the conduction and valance bands, depicted in 
Figure 2.3(b). Here, the case for a bulk semiconductor active region is shown, where the 
carrier distribution in both the conduction and valence bands can be controlled through 
the use of carrier confinement, as achieved using quantum-well and quantum-dot type 
active regions (the quantum dynamics associated with both are beyond the scope of this 
work).  
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When a bias current above the laser’s threshold, shown in Figure 2.6, is applied 
through the active region of the semiconductor laser, illustrated in Figure 2.7, many 
electron-hole pairs are created and spontaneously recombine. This electron-hole 
recombination induces packets of electromagnetic radiation (photons) with random 
direction, random phase, and energy equal to the band-gap as, described by Equation (6).  
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Figure 2.6: Driving the laser diode directly with the PAM communication signal to 
On-Off-Shift Key (OOSK) the laser diode requires significantly more modulating 
current then small-signal Amplitude Shift Keying (ASK) of the laser diode through 
a bias tee [24]. 
 
 
Figure 2.7: schematic of a Fabry–Pérot homojunction laser diode [24]. 
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Initially, as the laser transitions from spontaneous emission to stimulated emission 
states, most of these randomly directed photons are simply absorbed by the bulk material 
surrounding the active region. The small remaining portion of photons have direction, 
phase, frequency and polarization supported by the Fabry-Pérot laser cavity, reflect back, 
and stimulate emission in the gain region. These stimulated photons have the same 
direction, perpendicular to the cleaved surfaces, and the same phase, adding to the 
magnitude of the standing electric and magnetic-fields building inside the Fabry–Pérot 
laser cavity.   
 
Figure 2.8: Illustration of an optical cavity resonator [24]. 
 
While traveling through the gain medium, optical power is reduced by the 
reflectance of each facet, absorption and scattering while propagating through the 
medium. In order for the optical cavity to begin to resonate, these losses, γ, have to be 
replaced with stimulated emission, or effective optical gain, g. Note that γ represents all 
losses in the cavity and on its walls except the light that is transmitted through the facets.  
Therefore, assuming an initial power Pi, after a single round trip path of 2L, shown in 
Figure 2.8, the final power Pf of the electromagnetic radiation is given by equation (7). 
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The simple observation that coherent optical power will not build up unless Pf is 
at least equal to Pi allows an expression for the threshold optical gain, which will in turn 
allow the calculation of threshold current, beneath which, the optical output of the laser is 
much the same as an LED, and above which, the light is coherent, as a laser diode.  That 
threshold gain expression is given by equation (8). 
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If a laser bias current is changed quickly and crosses the threshold current, Ith, the 
optical output can overshoot the steady state value. This overshoot, called relaxation 
oscillation frequency is common in optical communication systems and can be seen in 
the eye-diagram in Figure 6.24 (right) found in Appendix A.  Optical telecommunications 
systems often compensate for predictable overshoot by incorporating it into the 
communication symbol, thus making pulse position modulation more common in optical 
communications.  
Having a high enough bias current to exceed the gain condition in equation (8) is 
a necessary condition for lasing. Equally important is that the electric-field, after one full 
round trip (2L) through the gain medium, be in phase with the electric-field it started 
with, 2 (2 ).L m    If the initial electric-field, Ei, is not in phase with the final electric-
field, Ef, the fields will add destructively. This reduces the number of stimulated photons 
of that wavelength, eventually substituted with photons whose frequency completes an 
integer number of cycles, m, in one round-trip. So, if 2 /k   is the free-space 
 30 
 
wavelength and km is the special subset of k which satisfies equation (8), photons are 
amplified by the Fabry–Pérot resonator, leading to the usual mode condition: 
 
2
mm L
n
 
 
 
 (9) 
These longitudinal axial modes are controlled primarily by the length of the 
optical cavity, L, and the effective index of refraction of the gain medium, n. The 
resulting optical spectrum from a constant wave Fabry–Pérot laser diode looks roughly 
like the line-shape function, derived from the energy versus density of states function of a 
given semiconductor material, convolved with a comb function, who’s peak locations 
correspond to the wavelengths which satisfy equation (9).  This idea is graphically 
represented in the cartoon in Figure 2.9. 
 
Figure 2.9: Cartoon showing optical gain convolved with cavity mode spectra.  By 
adjusting the center frequency of a given optical gain, the number of supported 
modes can change [24]. Additionally, the relative intensity of each supported mode 
can change. Only 
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Since the index of refraction is partially a function of carrier density, the 
wavelength of each supported longitudinal axial mode shifts with respect to laser diode 
bias current. Furthermore, the index of refraction and therefore optical cavity length is a 
function of temperature, both the position of each cavity mode as well as the wavelength 
difference, δγm, also changes with respect to temperature. Another important factor is the 
non-flat nature of the optical gain envelope, which causes the relative intensity of each 
Fabry-Pérot mode to change with respect to temperature. These features of Fabry-Pérot 
laser diodes make temperature control a key issue in optical injection and optical 
communications. 
 
 
Figure 2.10: Left, an example optical spectrum of a laser diode supporting multiple 
axial longitudinal modes compared to the same laser diode, on right, operating with 
a single supported longitudinal axial mode. 
 
Although Figure 2.8 and Figure 2.9 illustrate the concept of a multi-mode Fabry-
Pérot semiconductor laser, more sophisticated laser designs are able to produce single-
mode devices. The most commonly used single-mode device design is referred to as a 
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distributed feedback (DFB) laser. In a DFB laser design, rather than using the two-mirror 
scheme of Fabry–Pérot laser, a grating throughout the device is used as the wavelength 
selective element. Figure 2.10 shows the difference in multi-mode versus single-mode 
operation of Fabry–Pérot and DFB lasers, respectively.  
Dispersion effects in modern optical communication schemes are minimized by 
choosing operation wavelengths that result in a minimal amount of optical dispersion. 
The ideal, near-zero dispersion wavelength for standard single-mode fiber occurs at 1310 
nm. However, wavelength division multiplexed channels require that a number of carrier 
wavelengths be outside the minimally dispersive carrier wavelength region.  Furthermore, 
phase noise due to four-wave-mixing in wavelength division multiplexed systems 
increases as the carrier wavelengths of each channel are placed closer to one-another. 
 
 
Figure 2.11. Illustration of a typical attenuation vs. wavelength characteristics of a 
silica based optical fiber like the standard single-mode fiber used in this research 
showing the two most commonly used carrier wavelengths of 1310nm and 1550nm 
[24]. 
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Additional considerations, when choosing an operational wavelength, are the 
noise floor and attenuation as a function of wavelength [24]. With respect to loss, the 
ideal operation wavelength occurs at 1550 nm, which is the wavelength of focus in this 
work. Figure 2.11 illustrates the attenuation as a function of wavelength. 
 
2.2. Channel Capacity  
Single-mode Fiber has a very large low-loss bandwidth. Moreover, Corning Inc., 
a manufacturer of high-quality SMF, reports less than 0.2 dB per km attenuation between 
the optical wavelengths of 1525 and 1575 nm.  As shown in Equation (10) and (11), the 
bandwidth available across this wavelength range equates to 6.5 THz, with the entire 
band experiencing less than 20 dB per 100 km.  
 
1525 1575nm nm
cf
f f



 (10) 
 
2.99 8 2.99 8
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E E
   
 
 (11) 
For comparison, LMR
TM
, a manufacturer of copper and aluminum coaxial cables 
for used to drive microwave antennas, advertizes their lowest attenuation cable to be 6.65 
mm diameter copper tube which has 4.9 dB attenuation per 100 ft. For comparable 
bandwidth distance per dB attenuation, one would need 3,650 copper tubes from LMR
TM
 
to equal the performance of a single optical fiber from Corning, and this comparison only 
included a narrow transmission window around the fiber’s lowest attenuation. In fact, 
Corning publishes that its ultra low-loss single-mode fiber has less than 0.31 dB/km 
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across the entire band from 1260nm to 1625nm, a bandwidth of 53.44 THz, which 
explains why optical fiber is the transportation channel of choice in ‘long-haul’ 
telecommunications. 
With such a high bandwidth, the optical fiber itself is seldom limits the bandwidth 
in any optical communications system. The maximum modulation bandwidth of directly 
modulated semiconductor lasers is more appropriately given by the laser diode’s 
modulation response. This modulation response is a result of the complex internal 
dynamics of translating changes in bias current to changes in optical output. Similarly, 
the bandwidth limiting device in an external modulated optical communication system is 
typically the external modulation device itself, also not the SMF. 
To measure the modulation response of a system, a frequency sweep of a small-
signal applied to the input of the system is performed while measuring the output signal. 
That output response, divided by the input response, is then plotted with respect to 
frequency in a plot commonly referred to as an S21 curve. An ideal system will have 
infinite bandwidth and a perfectly flat and smooth modulation response. A real system, 
however, will look more like the example S21 plot shown in Figure 2.12. Notice how 
even the best case modulation response illustrated has more than a 3dB drop between its 
peak modulation response and the response at half its peak frequency.   
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Figure 2.12: Significantly enhanced modulation bandwidth of Fabry–Pérot laser 
diodes has been observed under injection-locked conditions [33]. Generically, 
increasing the modulation bandwidth increases channel capacity for a given 
modulation response.  
 
The work performed in this thesis is motivated by previous studies that have 
shown that stably-locked lasers (both single-mode DFB and multi-mode Fabry–Pérot) 
have significantly increased modulation responses over the same lasers under free-
running conditions. An example of a normal modulation response of a semiconductor 
laser is given in Figure 2.12, labeled as free-running [33]. Figure 2.12 also illustrates the 
modulation response of a semiconductor laser under stable injection locking, whereby the 
maximum modulation frequency is roughly four times that of the free-running laser; this 
equates to being able to pass approximately 4X the data using the optically-injected 
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device versus the same device without optical injection. Stated in another fashion, the 
optically injection-locked device can replace up to 4 separate laser transmitters.  
The following section discusses the impact of the finite slope, and shape 
modulation response curve’s shape on the communication system’s operation. 
 
2.3. Non-Flat S21 response 
As shown in Figure 2.12, the direct modulation response of a Fabry–Pérot laser is 
not flat over the pass band. Since rectangular PAM modulation produces very high-
frequency spectral components (see Figure 6.14 in Appendix A), a number of frequencies 
are modulated with higher gain than others.  This causes distortion of the baseband signal 
produced by common bit error ratio testers (BERTs) including the Synthesis BERTScope 
used in this research. The effect this will have on a random bit sequence is that high 
frequency bit sequences such as [0101010] communicated at bit rates equal to the peak 
modulation frequency could cause an eye diagram that looks clear, open, and tightly 
overlaid while mid frequency bit sequences such as [10011001] will not overlay well. For 
the [10011001] bit sequence case, the first to second bit transition will respond well, but 
when the BERT paints the third bit (second zero) the system will have settled up and a 
trace will appear above the first because of the channel’s complex impedance shown as  
decreased magnitude in the S21 curve. Figure 2.13 qualitatively shows how an optical 
communication link can be improved by trading bandwidth for spectral predictability 
since spectral components can more easily be chosen with predictable communication 
symbols.   
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Figure 2.13: Two example eye diagrams, both at the same data rate. Left, a PRBS-7 
sequence and on the right a user-defined sequence with the same spectral 
components as differential Manchester line coding. 
 
2.4. Optical Injection 
A great amount of research has been devoted to the modulation enhancement 
capabilities of semiconductor lasers and their associated support electronics. Optical 
injection provides many improvements and in specific cases, allows all-optical generation 
of microwave frequencies, removing the limitations inherent in modulation electronics. 
Enhancing these parameters with optical injection makes direct-modulation of 
semiconductor lasers a more attractive architectural choice (as opposed to external 
modulation) for optical transmitters. Table 1 summarizes various fundamental limits of 
directly modulated semiconductor lasers and how optical injection-locking (OIL) has 
been shown to improve these limitations. 
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Table 1: List of limitations of directly modulated lasers and improvements from 
optical injection-locking [22]. 
Fundamental Limits Benefits from OIL 
L
as
er
 
Optical Dispersion-Signal Linewidth Linewidth enhancement 
Nonlinear electron-photon coupling Reduced nonlinearities 
Amplified Spontaneous Emission Noise 
Reduced Relative Intensity Noise 
(RIN) 
Relaxation Oscillation Frequency 
Enhanced Relaxation 
Oscillation Frequency 
Wavelength chirp (non-zero α parameter) Reduced chirp 
Mode Partition Noise (Fabry–Pérot laser) 
Single-mode with 
Side-Mode Suppression 
L
in
k
 Differential quantum efficiency <1 Increased link gain 
Double-Sideband Modulation Near-single-sideband modulation 
 
2.5. Optical Injection Configurations 
There are two possible configurations to accomplish the basic OIL objective of 
injecting light from a master laser into a slave laser cavity, and both are shown in Figure 
2.14. In transmission style optical injection (a) light from a master laser is coupled to a 
slave laser facet through an optical isolator which prevents mutual injection-locking.  The 
injected output is then taken from the other facet of the slave laser. Transmission style 
injection requires two optical coupling systems with the slave laser [22]. The second 
possible configuration, the reflection style, is shown in Figure 2.14 (b) and uses the same 
type of setup adopted in this research. In reflection style optical injection, a three-port 
device called an optical circulator is used in place of an optical isolator to prevent mutual 
locking and only one optical coupling system is required for the slave laser. 
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Figure 2.14: The basic optical injection schematic showing transmission style (a) and 
reflection style (b) optical injection setups [22]. 
 
2.6. Optical Injection Parameters 
The master laser’s center wavelength and optical power are the two major 
parameters to consider when directly modulating an injection-locked laser compared to a 
free-running laser. The master laser power conveys into the injection strength parameter, 
which is given by [33]  
 inj
c
o
A(1 )
k
A
master
ratio
slave
PR
PR


   (12) 
While the wavelength detuning factor or detuning frequency given by [33]   
 2 master slavef f f       (13) 
 40 
 
For constant wave applications, the reflectivity of the slave laser is not changed 
nor is the injection power. Therefore, the injection ratio can be reported as a constant, kc, 
called the coupling coefficient, times the ratio of injected field amplitude divided by the 
slave’s field amplitude. The optical power and field magnitude are directly related (
2P A ). Therefore, the injection ratio in this research is measured externally as the ratio 
of master optical power divided by slave optical power and is usually reported in units of 
dB, or 10(10log ( / ))master slaveP P [33]. 
The wavelength detuning frequency is also a very important metric in optical 
injection and is usually reported in terms of frequency (GHz), or wavelength (pm). The 
wavelength detuning frequency is measured as the distance from the center frequency of 
the master laser minus the center frequency of the nearest supported longitudinal mode of 
the slave laser. The direct modulation dynamics of the slave laser are not symmetrical, 
and therefore are affected by the sign as well as the magnitude of the detuning frequency. 
Negative detuning frequencies lead to stably locked operation under strong optical 
injection while positive detuning frequencies tend to lead to more complex dynamical 
operation like the P1 dynamical state [33].  
For a rough conversion estimate, -10 pm change in wavelength at 1550 nm is 
approximately +1.25 GHz in frequency. In general, when the magnitude of the 
wavelength detuning frequency is too high, the injected optical power enters the slave 
laser cavity which is geometrically incorrectly sized to support that photon wavelength, 
which likely only makes a single or small integer number of reflections or passes through 
the optical gain medium. During this small time inside the slave laser’s optical cavity, it 
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induces very few stimulated emissions and experiences very little absorption, leading to 
very little attenuation or gain, and exits the slave laser cavity without interacting 
significantly with the slave laser’s optical spectrum or modulation dynamics. This state is 
described as ‘unlocked.’ Generically, the larger the frequency detuning and the higher the 
facet reflectivity of the slave laser, the higher the measured external injection ratio has to 
be to stably lock a Fabry–Pérot laser cavity [22]. 
 
2.7. Modulation Response under Optical Injection 
By introducing an injection ratio and detuning frequency, the small-signal 
modulation response, or transfer function, of a directly modulated laser transforms from a 
quadratic equation with a set relaxation oscillation frequency to a higher-order 
differential equation governed by the following three rate equations [34]. The Ainj terms 
in (1.13 and (1.14) represent the injected master laser; for cases where Ainj is equal to 
zero, the standard free-running rate equations remain.   
 
( ) 1 1
( ) ( ) cos( ( ))
2 2
c c inj
dA t
gA t A t k A t
dt
      (14) 
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sin( ( ))
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Ad t
g k t
dt A t
  
        (15) 
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    (16) 
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Table 1: Variables used in the three rate equations governing optical injection [34]. 
A(t) electric field magnitude ω detuning frequency 
N(t) carrier density kc coupling coefficient 
(t) phase between master and slave g gain coefficient 
Ainj magnitude of the injected field c photon decay rate 
 linewidth enhancement factor J(t) bias current density 
 
Generically, these equations allow the modulation response of an optically 
injected semiconductor laser to be calculated. These three rate equations differ from the 
free-running direct-modulation response of a semiconductor laser with the added 
requirement that the phase offset, (t), between the master and slave fields be accounted 
for. In the free-running case, phase has little meaning beyond the static requirement that 
the field fit geometrically inside the laser cavity. From a small-signal point of view, many 
of the variables in these rate equations remain fairly constant, leaving the terms 
cos( ( ))c injk A t  as the dominant term that describes the amplitude of the small-signal 
response and sin( ( ))
( )
inj
c
A
k t
A t
 to describe the frequency or change in phase (
d
f
dt

 ) 
response to small-signal modulation [33]. 
Put more simply, during optical injection-locking, light from the master laser 
combines coherently with the light from the slave laser in the slave’s optical cavity. This 
causes changes in the slave’s internal field compared to free-running conditions. When 
the dynamics settle, the slave’s wavelength and phase matches that of the master.  If the 
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master laser’s wavelength changes, the slave laser wavelength changes within a certain 
detuning frequency range, partly determined by the optical injection strength of the 
master laser.  Outside of that range, the slave laser unlocks and lases much as it would 
under free-running conditions. Figure 2.15 shows operation maps of a selected Fabry–
Pérot laser under different levels of optical injection [22]. Of particular interest to directly 
modulated semiconductor lasers is that the resonance frequency, a key metric in 
modulation frequency response, increases with increased optical injection strength.  Also, 
the relaxation oscillation dampening coefficient increases as optical injection strength 
increases. 
 
Figure 2.15 : Optical Injection-Locking map for various states. Top three maps are 
steady-state phton number, carrier density, and phase relationships with respect to 
injection strength and the bottom three are dynamical values of resonance 
frequency, damping ratio and the location (frequency) of the first order pole.  n.s. 
indicates unstable locking region [22]. 
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The small-signal modulation responses or S21 curves for different detuning 
frequencies at fixed injection strength are shown in Figure 2.16 [22, 38]. Notice the 
significant peak located at approximately 60 GHz for the positive detuning frequency of 
20 GHz, as the positive detuning frequency continues to increase, the relaxation 
oscillation frequency will become un-damped and the dynamical P1 oscillation state will 
be entered. As the detuning frequency continues to increase, it will eventually unlock and 
the slave will behave as it would under free-running conditions. 
 
Figure 2.16: small-signal modulation response for various detuning frequencies 
given optical injection strength of 4dB [22]. 
 
As shown in Figure 2.16, significant low-frequency direct-modulation gain has 
been demonstrated well above that observed under free-running conditions [22, 35]. This 
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technique can improve optical communication link performance by combining the optical 
power of a laser with narrow linewidth and poor direct-modulation response with the 
optimized direct modulation properties of a slave laser with poor optical spectral 
qualities. To achieve this effect, a high injection strength at a low negative detuning 
frequency is typically necessary [22].   
 
2.8. Optical Injection Affects on Noise 
Relative Intensity Noise (RIN), a common metric in the calculation of noise floor 
in optical-communication links, is largely caused by random carrier recombination and 
generation events [36]. By improving RIN in an optical communication system, the 
signal-to-noise ratio will increase which will in turn increase the information carrying 
capacity of the laser. In optically injection-locked lasers, the intensity and phase 
fluctuations of the injected light also contribute to system noise [37, 39]. The RIN 
contributions from the master laser can be considered small-signal, broad-spectrum 
modulation of injected master light. This causes frequency-domain photon, phase, and 
carrier Langevin noise sources [22].  
Langevin noise sources are frequency independent, stationary, and memoryless 
(ergodic) processes so the Wiener—Khinchin theorem may be used [36]. Generally, RIN 
decreases as injection strength increases and (negative) detuning frequency increases. See 
Figure 2.17 for a graphical representation of how RIN changes under different injection-
locking conditions. Under positive detuning conditions however, a different interesting 
phenomenon occurs, where the peak of the Langevin noise power with respect to 
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frequency can be adjusted with injection strength and (positive) frequency detuning.  This 
could allow a communication system the ability to choose a frequency location for the 
Langevin noise that does not interfere with modulation near the free-running resonance 
frequency [22]. 
 
Figure 2.17: Relative Intensity Noise (RIN) under optical injection-locking: Left, 
fixed detuning frequency of -5GHz for various injection ratios, Right, 10 dB 
injection strength at different detuning frequencies. 
 
2.9. Optical Injection Technique for Single Sideband Modulation 
In dispersion limited guided wave communications applications, single-sideband 
modulation can significantly improve the bit-rate-distance product or reduce periodic 
signal fading [42]. Optical injection provides a technique for single-sideband modulation 
of optical communication systems [37]. When an optical signal cos( )ft is modulated by a 
base-band communication signal ( )x t the resulting signal ( )y t is simply the optical signal 
with a proportional amplitude described by the baseband signal, ( ) ( )cos( )y t x t ft . 
Taking the Fourier transform of this process reveals how a baseband signal winds up 
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occupying twice the bandwidth while it is on a photon carrier compared to the baseband 
electric bandwidth shown in Figure 6.14 or Figure 6.18 [25].  
 
   
     
1
0 02
1
0 02
( ) ( )Y f X f f f f f
Y f X f f X f f
       
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 (17) 
A more spectral efficient modulation technique, called single sideband (SSB) 
modulation, can be achieved electrically by passing  Y f  through a band-pass filter 
centered on the sideband of interest, such as 
0cos
2
f f 
 
 
 for the upper sideband, to 
attenuate the unwanted sideband. SSB modulation is less of an issue in wireless 
communication systems since the added complexity does not improve the channel’s SNR 
for additive-white-Gaussian-noise channels. This is explained by assuming the best a 
wireless communications engineer can achieve is half the signal power divided by half 
the noise power resulting in the same SNR as DSB modulation. In practice, SSB wireless 
communications systems have lower SNR than DSB wireless systems because the slope 
at the filter’s cutoff frequency not ideal. SSB modulation is employed in wireless 
applications for other reasons, especially in ultra-wideband applications where one 
sideband can be significantly distorted [25].  
Through linearly dispersive transmission mediums, however, SSB can reduce the 
dispersion penalty [43], and effectively provide significantly higher SNR at the receiver. 
The spectral broadening due to modulation can be quite significant, as discussed with the 
2-Gbps rectangular PAM signal in Figure 6.14b, appendix A, spectral components exist 
as far as 160 GHz corresponding to a ±Δλ of approximately ±500 pm at carrier 
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wavelength 1550 nm. Assuming a more spectrally efficient base-band shape such as 
raised cosine PAM shown in Figure 6.18, appendix A [22], the optical signal still must 
spread in frequency a minimum of ½ the bit-rate [12].  
If this modulation is occurring through the direct modulation of the bias current of 
a Fabry–Pérot laser diode, as described in Figure 6.6, the laser has to support the 
broadened optical signal inside its laser cavity. Assuming the cavity gain is symmetric, 
each modulated signal sideband will be attenuated equally, creating a symmetric double-
side-band modulated signal. 
 
Figure 2.18: Cartoon illustrating SSB amplification while directly modulating an 
injection-locked laser, correctly detuning the master laser to place one of the 
modulation sidebands into a geometrically supported Fabry–Pérot mode while the 
other sideband remains unsupported leading to near-single-sideband modulation 
[43]. 
 
If the laser diode is optically injection-locked (OIL), the carrier wavelength will 
be located at the injection-locked wavelength, not the geometrically supported 
wavelength expected under free-running conditions.  Figure 2.18 graphically illustrates 
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this concept [43]. When the OIL carrier linewidth spreads to accommodate the 
modulation bandwidth, a portion of the modulation signal power will be located within 
the optical gain of a supported Fabry–Pérot mode. That modulation power will be 
resonantly amplified by the cavity mode [43], while the other side of the modulation 
power will be further attenuated, as its wavelength is suppressed.  
 
2.10. Side-Mode Suppression and Mode-Partition Noise Reduction 
A common theme for improving communication capability of directly modulated 
semiconductor lasers is to reduce the linewidth through stably-locked injection. The 
discrete delta-function-like nature of Fabry–Pérot longitudinal modes in the frequency 
domain makes mode partition noise particularly unique. As a short-time pulse from a 
multi-mode Fabry–Pérot laser travels through a linearly dispersive medium, each spectral 
component travels at a different speed.  Rather than showing up at the receiver as a 
smoothly slurred communication symbol the group shows as a series of discrete pulses 
with time delay between pulses appropriately spaced for the distance traveled through the 
dispersive fiber. Figure 2.19 shows pictorially how the time domain received pulse looks 
after one longitudinal mode completely overtook the other mode of the previous pulse. 
Research performed in 1982 showed how optical injection could suppress Fabry–Pérot 
modes and significantly reduce mode-partition noise [44]. 
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Figure 2.19: Simple graphic explaining mode-partition noise and how optical 
injection reduces mode partition noise by suppressing Fabry–Pérot modes [44]. 
 
2.11. Marginally Locked Optical Injection 
In an attempt to parameterize optical injection-locking dynamics such as mode 
suppression effects, experimental data has been collected corresponding to the 
experimentally observed onset of stable-locking [33]. Figure 2.20 graphically shows how 
a marginal increase in injection strength at zero detuning conditions can significantly 
amplify the injected mode. In this experiment, a marginal increase in external power ratio 
of 1.4 dB resulted in an approximate increase of 1.4 dB in amplitude of the injected 
mode, taking the necessary optical power from the non-injected Fabry–Pérot longitudinal 
modes [33]. In this thesis, a communication architecture is proposed which will utilize 
this amplification with the SSB technique discussed above to create an all-optical 
microwave envelope detector. 
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Figure 2.20: Optical spectra showing the onset of stably-locked optical injection at 
zero detuning frequency, left, external power ratio -5.9 dB, right, external power 
ratio -4.5 dB. Notice the significant suppression of Fabry–Pérot side modes, 
amplification of injected mode and suppression of relaxation oscillation frequency 
[33]. 
 
2.12. Suppression of the Relaxation Oscillation Frequency 
Of additional interest in the data shown in Figure 2.20 is, what appears to be, the 
suppression of a relaxation oscillation frequency at 1311.46 nm under an external 
injection ratio of -5.9dB compared to a -4.5 dB injection ratio where this feature is absent 
[33]. The relaxation oscillation frequency contributes to the non-flat nature of the pass-
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band of directly modulated semiconductor lasers as simulated with the Chebychev filter 
in Figure 6.16 (appendix A).  
 
2.13. Suppression of Wavelength Chirp 
The concept of wavelength chirp further reduces long-haul, high-speed optical 
transmission through optical fibers in directly modulated lasers. As previously noted, 
chirp is caused by variations in the output wavelength of the lasers due to carrier induced 
changes in the refractive index, n, during direct modulation of the bias current. This 
effect causes the optical spectrum or linewidth to widen under modulation. In 1985 N. A. 
Olson reported “Chirp-Free Transmission over 82.5 km of single-mode fiber at 2 Gbit/s 
with injection-locked DFB Semiconductor lasers.” This resulted in and the highest bit-
rate-distance product at that time of 1.65E11 km b/s and was achieved only by stably 
locking a DFB semiconductor laser and directly modulating it [18]. 
Under stably-locked optical injection, the center frequency is held constant over a 
frequency range, f governed by the equation [18]:  
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 (18) 
Where Pin is the injected optical power and P1 is the free-running slave laser 
power as measured inside the laser cavity.  The photon lifetime, P is governed by 
equation [18]: 
   
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
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 (19) 
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Where c is the speed of light, n is the index of refraction, α is the internal losses, L 
is the length of the laser cavity, and R is the facet reflectivity [18]. 
Further research into wavelength chirp found that a communication signal could 
be ‘pre-chirped’ to account for the dispersion of the channel. This idea effectively pulsed 
the slower moving wavelength components first and the faster wavelengths last so by the 
end of the channel the group of photons arrived at the same time. This required 
foreknowledge of the channel length, carrier wavelength, and dispersion coefficient, 
which proved impractical for reconfigurable optical communications networks.  
Chirp is not eliminated completely as suggested in 1985 [18] but instead is a 
function of detuning frequency and injection strength.  Chirp reduction is measured by 
the metric chirp-to-power ratio (CPR) with units of GHz/mW. Low CPR values are better 
than high values. CPR is reduced as a function of increasing injection strength and 
increasing negative (so decreased) detuning frequency. For an injection power ratio of 4 
dB and -100 GHz detuning frequency, the CPR is approximately one one-thousanth (-30 
dB) the CPR of the same laser under free running conditions [22].   
 
2.14.  P1 Dynamic State of Optical Injection 
Semiconductor laser are intently nonlinear devices because of the complex 
relationship between their optical gain on both the carrier electron and photon densities. 
Figure 2.21 shows a region of unstable optical injection labeled n.s. above the positive 
detuning edge of the stably-locked region of optical injection strength and detuning 
frequencies [22]. Within this region, a rich variety of nonlinear dynamics occur including 
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periodic oscillation, regular pulsation, quasi-periodic pulsation, and chaotic pulsation. 
These dynamics vary at microwave frequencies which are widely tunable with low phase 
noise. Anticipated applications for these photonic microwave sources include broadband 
wireless access networks, satellite communication systems and photonics based phased-
array antennas and radars [46]. The largest portion of this dynamical state is composed of 
the P1 (P1) state.  
 
Figure 2.21: Optical injection operation map showing tolerably detuning frequency 
increases with injection strength.  P1 state is located inside the region labeled n.s. 
[22] 
 
The P1 dynamical state of semiconductor lasers occurs when the dampening ratio 
of the resonance frequency or relaxation oscillation is zero. This condition can be reached 
with various combinations of injection strength and frequency detuning. The effect is 
intensity modulated optical emission from the semiconductor laser that has a frequency 
dependency on the same operating parameters as stably-locked optical injection [22]. A 
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range of intensity modulation depths of the P1 microwave frequency on the photonic 
carrier has been observed, including very large swings of near 100% amplitude 
modulation depth. 
 
2.15. Enhancing the Relaxation Oscillation Frequency 
The P1 dynamic can be largely explained as removing the relaxation oscillation 
dampening ratio by providing a positive term in the feedback between carrier electrons 
and electric-field intensity in the active region of the laser diode. The relaxation 
oscillation frequency increases along with injection strength as shown by the accentuated 
modulation response associated with increases in the injection strength under stably-
locked optical injection in Figure 2.15 [22].  These two effects have been mapped in 
Figure 2.22, which shows that along the positive detuning edge of the injection-locked 
region, the carrier density is 1, and resonance frequency increases with respect to the 
injection strength [22]. This positive detuning edge is referred to as the Hopf bifurcation 
line [33]. 
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Figure 2.22: Operational map of the stably locked region of optical injection 
showing resonance frequency increases with optical injection strength (left) and 
carrier density must be less than one for stable locking (right) [22]. 
 
The dampening coefficient of the resonance frequency is useful for describing the 
peak of the modulation response while the inside of the injection-locked region can be 
described by  0 0 thg N N    .  In this equation,  is the injection-locked dampening 
ratio, 0 is the slave laser’s free-running dampening term. Gain, g, is a function of current 
while N0 and Nth are related to the number of carrier electrons available in the active 
region an those at the threshold carrier density level respectively. Under a range of 
optical injection and positive frequency detuning conditions,  0 0 thg N N    creates the 
unstable optical output, which, under the right conditions for P1 oscillation, purely 
oscillates at a microwave frequency approximately equal to both the frequency detuning 
and the relaxation oscillation frequency. The P1 oscillation frequency dependence on 
optical injection strength and detuning frequency allows the optical generation of 
frequency modulated communication symbols, where the baseband amplitude modulated 
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communication signal drives the injection strength and/or detuning frequency of coupled 
semiconductor lasers.  
 
2.16. Modulating the P1 Dynamical State 
Operating within this regime can be complex so an operation stability map can be 
generated as a guide for potential operating points within the dynamical state.  Figure 
2.23 shows one such operational stability map for a semiconductor laser under a set bias 
current. This operational state diagram has been plotted with respect to the injection 
coupling rate which is proportional to the external injection strength [33].  
 
Figure 2.23: Operation stability map of an optically injected semiconductor laser 
[33]. 
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The P1 dynamic of optical injection allows a second method of single-sideband 
modulation in much the same way as stably-locked optical injection can provide single 
sideband modulation.  In the stably-locked case, the support of single-sideband or double-
sideband modulation is driven by the detuning frequency. In the P1 state, SSB can be 
achieved at the same detuning frequency, but with different injection strengths. Figure 
2.24 shows an example SSB and DSB P1 states created with the same detuning frequency 
but different injection strength ratios.  
 
Figure 2.24: Optical spectra of two representative P1 states reached with the same 
detuning frequency of 20 GHz, but different injection strengths: (a) DSB P1 of 21.68 
GHz (b) SSB P1 state of 30.92 GHz with injection ratio ≈4 times (a) [46]. 
 
2.17. Spectral Characteristics of the P1 Dynamic 
The P1 dynamic has frequency components analogous to the four-wave-mixing 
effect. When two optical signals with very close carrier wavelengths are guided through 
the same medium their electric-field magnitudes combine, sometimes canceling, 
sometimes amplifying. This interaction, known as four-wave mixing, produces amplitude 
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modulation of the carrier, with the modulation frequency equal to the difference between 
the two carrier frequencies. The important distinction between four-wave mixing and P1 
dynamic is that the P1 dynamic does not produce as much random phase noise. The 
random phase noise from four-wave mixing limits how close wavelength division 
multiplexed carriers can be on the same fiber. Furthermore, the resulting carrier optical 
linewidth is narrower for P1 dynamic than steady state and wider for four wave mixing. 
Also, the resulting bandwidth or Q-factor of the microwave ‘beat frequency’ is 
significantly higher for P1 than it is for four wave mixing.   
The P1 dynamic is eclipsed by the opto-electronic oscillator (OEO) when it comes 
to tonal purity. The OEO uses a laser cavity as an energy storage device and a length of 
fiber for a delay loop that feeds into a photo-detector that drives an RF amplifier, narrow 
band filter, and back into the laser diodes bias current. A dual-loop OEO operating at 10 
GHz has achieved a high quality factor with low phase noise of -140 dBc/Hz at 10 kHz. 
Frequency tuning has been achieved for OEOs by mechanically stretching the fiber optic 
feedback loop, a difficult process to implement in practice. It also has been achieved by 
taking advantage of the fiber dispersion coefficient and temperature tuning the laser diode 
to produce different wavelength, and thus time delayed feedback. This also is very 
difficult, and is not practical for embedded systems [46]. A comparison of photonic 
microwave generation techniques is given in Table 2. 
The fundamental frequency of the P1 state, on the other hand, increases nearly 
linearly with the increase of injection strength for a set detuning frequency. Alternatively, 
it increases with the detuning frequency for a given injection strength. These FM signals 
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are more tolerant to detrimental effects caused by fiber nonlinearities than AM signals 
are. These microwave frequencies can be widely tunable, starting near the free-running 
relaxation oscillation frequency and extending to many times that of the semiconductor 
laser diode. 
 
2.18. Photonic Microwave Applications 
The application of photonic microwave generation and propagation in Radio-
Over-Fiber technology holds great promise for ‘4G mobile communication systems’ as it 
allows the broadcast of radio signals without the complex electronics required for local 
oscillators at every base station. A network architect could choose to generate the 
frequency modulated signal at the base station and distribute that signal to any number of 
distributed antennas, geographically separated to prevent interference. The use of optical 
injection to create microwave frequencies on a photonic carrier significantly decreases 
the complexity of the microwave transmitter, which requires only a photo detector and 
antenna. Figure 2.25 illustrates one potential distributed access wireless network 
implementing radio-over-fiber technology for the distribution of microwave signals. 
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Table 2: A comparison of different photonic microwave techniques [46] 
 
 
Figure 2.25: A potential architecture for a wireless distributed access system. CN: 
core network; CS: central station; BS: base station; RAU: remote antenna unit [46]. 
 
2.19.  Conclusion 
The optical injection of directly modulated semiconductor lasers has been shown 
to significantly enhance the modulation response and reduce the linewidth over free-
running directly-modulated lasers. These improvements suggest that simpler modulation 
architecture for long-haul base-band telecommunications is possible.  
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Stably-locked optical injection has been employed to increase signal power and 
reduce noise power. It has been employed as a means of SSB modulation and has 
demonstrated suppression of mode quantization noise. Stably-locked optical injection has 
been shown to reduce the nonlinearities associated with direct modulation, including 
reduced overshoot due to the relaxation oscillation frequency while maintaining fast rise 
time and symmetric temporal response. 
Furthermore, the parameterization of the complex dynamics of optical injection 
opens the possibility for photonics to reduce the size, weight, and complexity of 
microwave applications in radar and communications applications. The next chapter 
demonstrates the use of these parameters, namely detuning frequency and injection 
strength, for direct access to high frequency microwave modulation on an optical carrier 
using baseband electronics. It also demonstrates significant microwave stability under 
large-signal modulation. 
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3. Methodology 
This chapter focuses on the procedures taken in the laboratory and contains 
specific information to allow a follow-on researcher to repeat and build on the results of 
these experiments. These experiments demonstrate the ability to use baseband electronics 
to directly access the orthogonal microwave frequency communication domain without 
the traditional high-frequency support electronics necessary to reach these high-
frequencies.  
This chapter is broken into three parts. Section 3.1 describes of the laboratory 
equipment and setup that applies to both stably-locked and P1 states of optical injection. 
Section 3.2 explains the investigation process to measure the increase in bit-rate-distance 
product of a stably-locked Fabry–Pérot laser over its free-running state. Section 3.3 
summarizes the measurements taken to verify the ability to place communication 
symbols on the P1 dynamical state of the injected Fabry–Pérot laser.   
 
3.1. Optical Injection Equipment and Setup 
Ideally, the only difference between optical injection-locking (OIL) and the P1 
(P1) dynamical states is the injection strength and the detuning frequency.  Largely, this 
is the case for these experiments, and the difference between the experimental setups will 
be noted as necessary. Figure 3.1 depicts the physical setup used in our optical injection 
work and allows discussion of each component. 
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3.1.1. Optical Injection Laboratory Setup 
The single-mode master laser is coupled to a polarization-maintaining (PM) SMF 
with a FC/PC connector. Its output is fed into a polarization maintaining tunable fiber 
amplifier using a FC/PC-to-FC/APC PM patch cable whose, output is connected through 
a polarization rotator, which has a free-space optical path that can be conveniently 
blocked with an opaque object. The output from the polarization rotator is connected to 
port 1 of a PM Optical Circulator with FC/APC terminators. 
Port 2 of the PM optical circulator injects (reflection style) the Fabry–Pérot slave 
laser using a PM FC/APC-to-FC/PC patch cable. Both the maser laser and slave laser’s 
bias current and temperature are separately controlled with their own laser diode 
controllers. 
 Port 3 of the optical circulator is fed into a low-noise optical amplifier which is 
then transmitted through fiber spools of length 1, 1.7, 10, 20 and 30 km which could be 
connected in series for as much as 62.7 km of Corning SMF-28e+ fiber. When necessary, 
a third fiber amplifier is used to compensate for attenuation through the fiber. The output 
of the channel is then divided by a 90/10 fiber splitter with the 10% output going to an 
optical spectrum analyzer and the 90% port going to a linear fiber attenuator followed by 
a high-speed photo detector. 
The microwave output of the photo detector is fed into the input pin of the 
SyntheSys Research BERTScope model 7500A through Coaxial cables with standard 
SMA connectors. The BERTScope then compares the voltage measured on its input port 
to a threshold voltage and time delay to create the received bit-stream. The received bit 
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stream is then compared with the output bit stream. In this way, the BERTScope is able 
to measure and report the bit error ratio of the communication system. The output of the 
photo detector can also be fed into an electrical spectrum analyzer or an oscilloscope if 
desired.  
 
Figure 3.1: Generic experimental setup of optical injection experiments. The BERT 
Scope proved to be most useful for stably locked optical injection while the electric 
spectrum analyzer proved most useful for detection in P1 dynamic. 
 
3.1.2. Master Laser 
The continuous wave master laser was one component that did change between 
OIL and P1 dynamic experiments. For the OIL setup, an acceptable but significant 
difference between the center wavelength of the DFB (master) and Fabry–Pérot (slave) 
laser was compensated for by injecting a supported longitudinal side-mode of the FP 
laser. The DFB master laser was manufactured by JDS Uniphase in a butterfly package 
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which prevented direct modulation of its bias current. Its temperature and bias current 
was controlled by a Stanford Research Systems Laser Diode Controller Model LDC501. 
The master laser for the P1 dynamical state experiments was a Velocity tunable 
laser diode, (New Focus model 6328); this highly-tunable device was packaged such that 
direct modulation of its bias current was not possible. The maser laser’s wavelength 
could be finely tuned/changed using a piezoelectric controller. This master was able to 
provide wider tunability, 1507-1584 nm, and improved wavelength control when 
compared to the temperature tuned JSDU DFB laser diode; this feature allowed greater 
flexibility on which FP mode to inject the ability to precisely control the detuning 
frequency. 
 
3.1.3. Slave Laser 
The slave lasers used in this research were all standard fiber pigtailed quantum-
well Fabry–Pérot laser diodes in TO-56 packages from Thorlabs; their threshold currents 
varied from device to device. The Thorlabs LM9LP, the laser mount used for the Fabry-
Pérot slaves allowed direct modulation of the bias current through a built-in bias-tee with 
an SMA connector. One PM Fabry–Pérot slave laser and two non-PM Fabry–Pérot slave 
lasers were available for testing. All three were connected to a fiber-optic patch cable, 
PM or non-PM as appropriate, with FC/PC connectors.  
The DC bias current and the temperature controller for the slave laser(s) were 
controlled using Stanford Research Systems Laser Diode Controller(s) Model LDC501. 
This model has a built-in PID controller as well as an ‘auto detect’ function that can be 
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run to calculate the PID coefficients for critically damped temperature control. This 
feature was utilized most when P1 experiments were attempted for better detuning 
frequency control. The symptom of poorly chosen PID coefficients for the LDC501 was 
an unstable temperature which oscillated, in one case un-damped. 
 
3.1.4. Fiber Amplifiers and Attenuators 
Low-noise fiber amplifiers and attenuators allow laser bias currents and detuning 
characteristics to remain constant while allowing compensation for linear fiber 
attenuation. The optical output from the master laser was fed into a PriTel Inc. 
polarization maintaining fiber amplifier (model PMFA-30), whose amplification could be 
adjusted to change the injection strength without modifying the detuning frequency or 
raising the noise floor. The output of the 90-10 splitter was amplified by the PriTel Inc 
non-PM fiber amplifier (model number LNHPFA-30) before transmission. Their ability 
to amplify or attenuate without distorting the wavelength or SNR was a key attribute in 
measuring the bit-rate-distance product. The fiber attenuator allowed adjustment of the 
optical power before the high-speed photo detector to control any nonlinear effects 
optical intensity could have and also to protect the detector from over exposure to light. 
 
3.1.5. Fiber Connectors and Patch Cables 
The use of fiber-optic patch cables versus free-space optical paths provided 
significantly simpler means of optically coupling the devices in the experiment. This 
came at the cost of increased attenuation, channel distortion, reflective feedback, 
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polarization and phase distortion. FC/APC connectors were used as often as possible to 
reduce reflections and polarization maintaining fiber was used to minimize polarization 
dependent distortion. When possible the cables and connectors were taped to the optical 
bench to prevent physical motion and avoid thermal fluctuations. Finally, physically 
changing the experimental setup was avoided as much as possible by taking as much data 
as feasible from a single setup during the same day. 
The optical circulator is PM with FC/APC connectors and Port 3 was connected 
to a 90-10 splitter which is also FC/APC connected but non-PM. PM fiber connectors and 
patch cables should allow more stable and controlled experimental behavior including 
less sensitivity to stress, temperature or other physical environmental factors. With this in 
mind every component short of the transmission line should be PM. Qualitatively, 
however, the PM connectors behaved more erratically. To compensate, the external 
injection strength was measured by disconnecting a non-PM FC/APC connection. That 
proved to behave more predictably than FC/PC connectors or PM cables. 
 
3.1.6. Optical Spectrum Analyzer 
The Ando AQ6317B Optical Spectrum Analyzer was used in this research to 
directly measure optical spectra. Its normal position in the experiment was to measure the 
optical spectra from the 10% port of the 90-10 splitter which was connected using a non-
PM FC/APC patch cable. Measuring the full-strength optical signal marginally improved 
as its dynamic range is approximately 60 dB. Ando guarantees spectral resolution of 
0.015 nm (≈1.87 GHz) or better when it is placed in 0.010 nm resolution setting and 
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guarantees better than 5% accuracy for resolution settings of 0.050 nm (≈6.24 GHz) or 
higher. The data traces can be saved to comma-separated text files and subsequently 
downloaded to a floppy disc.  
 
3.1.7. High-Speed Photo Detector 
There were three different models of photo detectors used in these experiments. 
Two were manufactured by New Focus Inc. (models 1444 and 1414), and the other was 
manufactured by Thor Labs (model SIR5-SC). ThorLabs guarantees the SIR5-SC has a 
3-dB bandwidth of 5 GHz or greater. This device is quite appropriate for PAM data rates 
of ≈1Gbps and has a relatively high input capacitance (compared to the New Focus’ PDs) 
which improved the repeatability of the signals, creating a cleaner, more predictable 
communication symbol. However, this low-pass filter feature completely eliminates its 
usefulness in P1 dynamic research as P1 can be much higher than 5 GHz. 
The New Focus Model 1444 photo detector is optimized for high-speed baseband 
modulation with a very fast rise-time of 19 ps or faster and is critically damped, to avoid 
ringing. The New Focus Model 1414 photo detector on the other hand is optimized for 
frequency-domain applications, such as the P1 dynamic research, and has a flat response 
for both frequency and phase up to 25 GHz. 
 
3.1.8. Bit Error Ratio Tester and Eye Diagram Analyzer 
The SyntheSys Research Inc. (model 7500A) BERTScope was the tool used most 
for the Bit-rate-distance Product measurements taken in the OIL investigations and was 
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used to generate baseband PAM signals for All-Optical Microwave symbol generation in 
the P1 research. Figure 3.2 shows several useful metrics created by the BertScope’s Eye 
analyzer. After transmitting polar rectangular signals through a system who’s output is 
connected to the receive port of the BERTScope, the received information is stored in a 
2-dimensional matrix as shown in an Excel document on the bottom right of Figure 3.2, 
forms an eye and analyzes the results. 
When a BERT is performed, for a given threshold time and voltage, the result is 
displayed on the DETECTOR screen. The BERTScope’s Detector interface allows user-
defined or automatic detection of optimal threshold values for the Bit Error Ratio Test 
(BERT). The algorithm for automatic detection of threshold values simply uses the 
average voltage measured as the voltage threshold and the mean distance between rising 
and falling edge for time delay threshold. That simple test works well for symmetric eyes 
and simulates common algorithms employed in actual PAM receivers. This is not 
effective when the rise-time does not equal the fall-time, or when there is any 
nonlinearity or hysteresis in the system.  
The eye analyzer provides several different tools to qualitatively assess the 
performance of the communication system from the eye diagram, including the eye 
diagram itself. An example is shown in the upper right of Figure 3.2 with an example 
sample threshold value chosen, and marked with an orange dot. 
The Q-factor and jitter peak of the eye diagram are metrics that are available from 
the BERTScope. Example screenshots of these two metrics are shown in the middle two 
images of Figure 3.2 where the optimal time and voltage thresholds and estimated 
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optimal bit error ratio (BER) are displayed and circled in red. These values are calculated 
based on measured BER with respect to voltage and time thresholds.  
 
Figure 3.2: Several of the useful features provided by the BERTScope Eye Analyzer 
are showcased here. The detector interface, the eye diagram, Q-Factor test, BER 
contour. All of these analysis features are computed using the two-dimensional 
matrices which can be exported in comma-separated-value form as displayed in 
Excel in the bottom right. 
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A final metric used to qualitatively assess the quality of an eye is called the BER 
Contour. The BER Contour draws equal-BER lines; these lines are not actually measured, 
but are instead calculated from Q-factor-like measurements and a curve is fit to those 
measured points in much the same way as the Q-factor test estimate ‘optimum BER.’ 
This metric is useful in estimating the steepness of the edge of an eye, the amount of time 
wasted, in this case approximately 200 to 250 ps, and the amount of signal strength 
wasted, in this case ≈40mV. 
 
3.2. Measuring Process of increase in Bit-rate-distance Product 
The Bit-rate-distance product is conceptually simple to measure: find the 
operating bit-rate through a given length of fiber at which a marginal increase in either 
bit-rate or distance would prevent the system from communicating at a tolerable BER, 
then simply multiply and report the BL product. Repeat for both free-running and 
optically injection-locked lasers and the test is complete. The difficulty in measuring the 
Bit-rate-distance product is finding the optimal voltage and time-delay threshold and 
ensuring all else equal.  
All else cannot be equal between OIL and free-running operation for the same 
optimal marginal BER. Either the bit rate, or the distance, or both must change. As 
discussed in chapter 2, many characteristics about the modulation of a semiconductor 
laser change under stably-locked optical injection from its free-running state. 
Furthermore, distance cannot be reduced infinitely. The modulation response of the bias 
tee (inherent electric parasitic) will eventually prevent the bit-rate-distance product from 
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being measured. For example, a Fabry–Pérot laser that can barely communicate at 1 Gbps 
through 10 km of SMF might not be able to be modulated at 10 Gbps through any length 
fiber and certainly will not respond to a signal at 100 Gbps. The metric of Power Penalty, 
sketched in Figure 3.3, attempts to compensate for these issues. 
 
Figure 3.3: Sketch of a notional power penalty (ΔP) measurement. The shift in 
power required to communicate with the same BER is the power penalty. This could 
be for any characteristic like distance or bit-rate holding all else equal. 
 
 A power penalty can be measured for any changes in the communication system. 
The characteristics of interest in this experiment include bit rate, distance and optical 
injection (as pictured). The metric captures the idea that for a given signal inhibition, an 
increase in signal power can compensate for it. Assuming the communication inhibition 
keeps the shape of the BER-versus-power curve the same, than the power penalty is 
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simply the shift along the power axis from one curve to the other. Each discrete measured 
point must be made for the optimum BER found for the operating conditions. Figure 3.4 
shows the process of detecting and recording the optimal threshold values.  
 
Figure 3.4: Decision process for detecting and recording best possible Voltage and 
Time delay threshold value and its associated optimal BER. 
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The first step is to set the communication operating conditions of interest. Those 
conditions include bit rate, modulation depth, injection strength, detuning frequency (≈0 
GHz for stably-locked), optical power into the photo detector or transmission channel, 
center wavelength, fiber length, bit pattern (user defined or Pseudo-random bit 
sequences) and so on. After the physical adjustment to the laboratory setup is complete, 
the BERT is started. This will allow the BERTScope to measure and create an eye 
diagram which should be viewed for a qualitative assessment of the communication 
channel. 
Several important metrics can be taken directly from the eye diagram including 
rise-time, fall-time, data unit interval, amplitude, and peak-to-peak jitter. The important 
characteristic to observe when finding the optimal threshold values is the location of the 
lowest probability of detecting a signal voltage and time; this location is in the darkest 
part of the eye. If a dark part of the eye does not exist, then the system cannot 
communicate and adjustments must be made to the transmitter’s configuration. After 
finding the apparent ‘optimal’ location, the voltage and time points in the detector are set 
to these values and BER is measured.  
If the BERT returns no errors, it will report “Error Free” and the number of 
seconds it has been running “Error Free.” This does not mean that the communication 
channel has an infinitesimal BER though, it simply means that the channel has been 
observed to perform with better than one in however many bits had transmitted. 
Depending on the nature of the measurement being taken, it may be sufficient to simply 
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record “Error Free for X bits” where X is the number of bits transmitted. Otherwise, if an 
estimate of the optimum BER is desired, running a Q-factor test is appropriate. 
The Q-factor test measures BER for different voltage values at the specified time 
delay. The BERTScope can automatically detect this time delay threshold, or, for better 
accuracy, can calculate it from a jitter test. The longer the Q-factor test runs, the deeper 
the BER measurement depth gets, and the closer the optimal BER estimate gets to the 
actual optimal BER value. This estimate can be helpful in finding the shape of the BER 
vs. power curve when calculating power penalty. 
If a BERT for a given time and voltage threshold value generates a BER between 
1E-3 and 1E-11 then the BERTScope measures the actual optimal BER within a few 
minutes. Note that measuring a BER better than 1E-12 in a 500 Mbps link takes over 33 
minutes. While a BER better than 1E-11 takes 3 to 4 minutes and measuring a BER over 
1E-10 it only takes 20 seconds. Thus, it is reasonable to measure the real BER if it is 
more than 1E-11. On the other hand, if it is more than 1E-3, the BER measurement will 
likely have too high a variance to be useful in reporting power penalty or bit-rate-distance 
product metrics. 
For the bit-rate-distance product calculated in this experiment, the desired BER 
was 1E-9. So when metrics of 5E-10<BER<5E-8 were found, considerable time and 
effort were used to search for optimal threshold values.  
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3.3.  P1 Dynamic 
The overall objective of our P1 research was to determine the feasibility of 
encoding data onto the P1 state of the optically injected semiconductor laser. With this 
applicability determination in mind, the stability and noise of the modulated signal were 
of considerable interest.  
The most important portion of this investigation/demonstration was to show that a 
significantly higher microwave sub-carrier frequency could be produced well beyond 
what the laser’s electronics could support. This was accomplished in much the same way 
as the stably locked optical injection was accomplished. Relying entirely on the unstable 
dynamical state of positively detuned, strongly injected semiconductor lasers for the high 
frequency modulation, and relying on the baseband electronics for the relatively low-
frequency data encoding. 
Once a P1 state was reached, the bias current of the slave laser was large-signal 
modulated in much the same way as if it were stably locked. This created Consecutively 
Sequenced Spread-Spectrum communication symbols on a widely tunable carrier 
frequency, consistent with IEEE 802.11a wireless standard. Put another way, it was an 
optically carried, microwave frequency with a square wave envelope. 
This optically carried On-Off-Shift-Keyed (OOSK) signal was transported over 
50 km of fiber to the New Focus 1444 photo detector. The output of the photodetector 
was analyzed on an oscilloscope, electrical spectrum analyzer, and/or BERTScope to 
validate the P1 signal was indeed being modulated. Observing that, the optical signal was 
then fed into the ThorLabs photodetector with a cutoff frequency of 5 GHz and the low-
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pass filter built in. It displayed the baseband interference consistent with Consecutively 
Sequenced Spread Spectrum communication symbols. This baseband interference is not 
usually a problem as CSSS signals are usually transmitted wirelessly where no baseband 
communications happen. To employ CSSS over a fiber link a negative feedback will need 
to be employed to the baseband signals receiver so it can de-convolve the CSSS signal 
with its own. This added complexity may prove to limit CSSS or other forms of OOSK 
microwave subcarrier signals in telecommunications. Other forms of microwave 
communications exist that do not interfere with baseband communications. 
The first stage of a coherent heterodyne detector was created for the output of the 
photodetector and a 3 kHz sinusoidal envelope carried by the 500 Mbps square-wave 
pulses was observed as expected on an oscilloscope. Phase locked-loops have been 
demonstrated with bandwidths on the order of 10s of megahertz, so this signal is ready 
for the next stage of the coherent demodulator. Further demodulation work should be 
done including electronic envelope detection, multi-phase heterodyne detection, and all-
optical envelope detection; these ideas will be discussed further in chapter 5.  
An impediment to using the P1 frequency as a communication subcarrier on an 
optical signal is the inherent instability of the P1 state. Angular acceleration on the order 
of 100 MHz/s
2
 has been observed on the electrical spectrum analyzer while the P1 state 
was un- modulated. The P1 state seems to stabilize if the P1 frequency is equal to an 
odd-integer multiple of one-half the Bit-Rate. Stated another way, the symbol period 
should allow for an integer number of ½ P1 wavelengths. 
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Two competing hypothesis explain this observation. The first is that the high 
quality of the BERTScope actually allows a small harmonic (the 31
st
 harmonic of 500 
Mbps square wave is 7.75 GHz for example) of the square wave PAM baseband signal 
(see appendix A) to be created and passed through the bias tee onto the slave laser diode, 
and this small-signal is enough to stabilize the P1 frequency. Further testing and analysis 
is required to accept or reject this hypothesis. 
The other hypothesis is that the large-signal fundamental harmonic of the 
modulating square wave is causing the P1 frequency to completely stop and restart again. 
The high-voltage state does not last a long for the P1 state to wander off frequency before 
being shut back off when a low-voltage modulation occurs. These two competing 
hypothesis will be difficult to deconvolve as a perfect square wave cannot be created 
without the 31
st
 harmonic and an exclusive fundamental modulation cannot be generated 
without changing the injection strength and detuning frequency of the injecting lasers. 
While a local oscillator and an RF amplifier can create a pure, large-signal sinusoid to 
directly modulate the bias current, it will be unable to couple without changing the 
injection strength and detuning frequency. When the sinusoid is high, the injection 
strength will be lower and the detuning frequency will be lower than when the sinusoid is 
in a low state.   
The stabilization of the P1 frequency in this manner has a margin of error that 
appears to be proportional to the amount the P1 frequency wanders when it is not being 
modulated. To perform that experiment the electrical spectrum analyzer was set in ‘100 
sweep average’ mode at a relatively fine 100 kHz resolution bandwidth and allowed to 
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run for several minutes. A small plateau was measured with two spikes on either edge. As 
long as a modulation rate with an odd-multiple of the fundamental harmonic fell inside 
those two spikes was used, the P1 frequency was found to stabilize. 
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4. Analysis and Results 
This chapter is broken into two parts, the first discusses the measurements taken 
under optically injection-locked (OIL) conditions while the second presents observations 
made under P1 dynamical injection conditions. Since OIL affects both the modulation 
response (S21) and the linewidth of the directly modulated laser, the OIL discussion 
focuses largely on characterizing how improvements to each (S21 or linewidth) affect the 
optical communications link. The results of our work showed that OIL improved the bit-
rate-distance product of the Fabry–Pérot laser under investigation by over 25 times.  
The majority of the P1 measurements performed investigated the effects produced 
by varying the modulation parameters (modulation rates, modulation depths, and P1 
frequency range) and the ease of shifting/modifying the microwave subcarrier frequency. 
The P1 setup produced consecutively sequenced spread spectrum (CSSS) communication 
symbols that were not orthogonal to the baseband communication symbol. This baseband 
component was filtered out electrically after the photodetector to prepare it for 
transmission wirelessly and demonstrate its potential as an orthogonal communication 
channel.  
 
4.1. Stably Locked Optical Injection Improvement 
This section’s focus is to experimentally demonstrate and theoretically describe 
improvements to the bit-rate-distance product with respect to chromatic dispersion and 
wavelength chirp of an injection-locked Fabry–Pérot laser diode over different lengths of 
SMF. After characterizing the free-running capabilities and distance limitation of the 
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Fabry–Pérot laser, the bit-rate-distance product is shown to improve by a factor of 25 
under stable OIL. The data shows that the bit rate-distance product improvement is due to 
both the suppression of the unlocked multi-longitudinal modes of the Fabry–Pérot laser 
and chirp resulting from the large-signal modulation driving the laser.  
Observations show a faster rise-time, reduced jitter, suppressed overshoot, and 
diminished ringing in the eye diagrams collected under OIL, with only a slight 
degradation in modulation efficiency. These observations confirm performance 
expectations from the S21 plots published for other systems in the literature. Further, the 
observed changes to the eye diagrams are in agreement with expected results. These 
include variations in the ringing and overshoot observed in the eye diagrams collected 
which coincided with changes in detuning frequency, an anticipated result given the 
dependence of the shape of the S21 curve on the detuning frequency. 
Our work shows the ability to couple two devices, one designed for high-speed 
modulation and one designed for single-mode operation, in order to yield a transmission 
system far more capable than either device operating in singular fashion. In this 
experiment, the high-speed device is a multi-mode slave laser capable of a 4.5 Gbps data 
rate when connected in an end-to-end configuration (0 km) using a 7-bit pseudo random 
sequence (PRBS-7) of unipolar rectangular PAM symbols; at this data rate and bit 
sequence, the bit error rate (BER) has been both measured “error free” and 6.8E-11 over 
one minute of operation.  
While capable of high-speed operation in end-to-end configuration, the multi-
longitudinal mode nature of the device and the associated fiber dispersion (≈17.4 
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ps/nm∙km) introduced by SMF at 1550 nm limits the transmission distance capability as 
described in Chapter 2. Physically, the microwave modulation is on each of the laser’s 
longitudinal modes and each propagates through the fiber at a slightly different velocity; 
upon arrival at the photodiode, the modulated signal is, in general, out of phase and the 
modulation washes out limiting the transmission distance. To counter this limitation, the 
modulation speed must be reduced accordingly or a dispersion mitigation approach must 
be implemented. The optical power spectra of the free-running Fabry–Pérot laser where 
the mode peaks have been fit using a Lorentzian function in order to determine the 
FWHM is given in Figure 4.1.  
 
 
Figure 4.1: Optical power spectra of the free-running Fabry–Pérot laser with the 
mode peaks fit with a Lorentzian in order to determine the full width half 
maximum. 
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The detrimental impact of dispersion and wavelength chirp over 10 km is 
illustrated in Figure 4.2, where the device is modulated at 1 Gbps. An unacceptable bit 
error ratio (BER) of 4.6E-4 was measured, indicated by the green (low occurrence) signal 
traces covering the eye opening. Over 10 km, the total dispersion is calculated to be 0.43 
ns (17.4 ps·nm-1·km-1 x 10 km x 2.45 nm) using equation (1), giving a maximum non-
return to zero bit rate of 2.3 Gbps at this distance (unipolar rectangular PAM is non-
return-to zero, see appendix A). This calculation and the unacceptable BER at 1 Gbps and 
10 km points to the bit rate-distance product being limited strongly by both chromatic 
dispersion and wavelength chirp. The bit-rate-distance product of the free-running laser 
was experimentally determined to be 7.5 Gbps·km for a BER threshold of ≈10E-9. 
 
Figure 4.2: 'Closed eye' over 10 km of SMF-28 and 1 Gbps using PRBS-7 unipolar 
rectangular PAM direct modulation where max BER measured was 4.6E-4.  
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The maximum achievable bit rate for the injection-locked laser over 60 km was 
measured to be 3.125 Gbps with a BER better than 1E-12 using a PRPS7 signal. The 
resultant eye over 60 km at 3.125 Gbps is shown in Figure 4.3 on the left. The maximum 
bit-rate-distance product is calculated to be 187.5 Gbps-km, an improvement of 25X over 
the free-running case for the same BER. Figure 4.3 on the right, shows the optical spectra 
under stable OIL where the SMSR was greater than 45 dB. Continued work showed an 
insensitivity of the BER over varied wavelength detuning conditions given that stable 
OIL (SMSR > 35 dB) was maintained. Contrary to expectations, the modulation response 
of the injection-locked laser showed no improvement over the free-running case, leading 
to the conclusion that the RC parasitics associated with the diode laser mount and 
package are the primary limiting factors in the modulation speed of the injected laser 
investigated in this work.  
 
Figure 4.3: Left, Eye diagram observed using a PRBS-7 bit sequence at 3.125 Gbps 
over 60 km of SMF. The data unit interval is 320 ps, and the rise, fall, and peak-to-
peak jitter times are measured by the BERT to be 137 ps, 154 ps, and 137 ps 
respectively. Right, Optical power spectra over a 5 nm span showing the 45 dB 
SMSR achieved under stable OIL. The wavelength detuning was 50 pm (Δλ = λmaster 
– λslave). The external injection ratio, measured at Port 1, was held constant at 5.05 
dB or (10Log10(Pmaster/Pslave)). 
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Figure 4.4 further illustrates the improvements to the communications link 
achieve, a side-by-side comparison of measured eye diagrams for free-running and OIL 
lasers under consistent modulation conditions.  
 
Figure 4.4. (a) Closed eye over 10 km of SMF-28 and 1 Gbps using PRBS-7 where 
the bit error ratio was 4.6 x 10-4. (b) Open eye under stable OIL over 10 km of 
SMF-28 and 1 Gbps using PRBS-7; the measured BER was greater than of 10-11. 
 
4.1.1. Characterizing the Free-Running Operational Parameters 
The first step to determine the bit-rate-distance product improvement for a Fabry–
Pérot laser under stably locked optical injection is to first characterize the laser under 
free-running conditions. The objective is to find that marginal point at which a very small 
increase in bit-rate or distance pushes the BER to an undesirably high level and below 
which, little BER benefit is achieved. Figure 4.5 shows the complexity of finding this 
marginal point because of the nonlinear dependence of BER on bit-rate and between BER 
and distance. Notice how a small change in fiber length, only 700 meters, resulted in a 
significant change to the maximum modulation rate between 1km and 1.7 km, while 
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between 11.7 and 12.7 km the difference in bit-rate for the same BER is minimal. The 
minor increase in bit-rate at 0km compared to 1km further illustrates the hypothesis that 
the system is being modulation-response limited at low-distance, high-data-rate 
conditions. Notice also that a small change in bit-rate between 1.5 and 2 G bps for 1.7 km 
of fiber resulted in dramatic increases in BER while between 2 and 2.5 Gbps, the change 
was relatively minor. 
 
 
Figure 4.5: BER compared to bit rate for the same Fabry–Pérot laser under free-
running conditions. 
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An interesting phenomenon, likely coincidental, occurs at modulation rates near 
the trade-off between modulation-rate limiting conditions and dispersion limiting 
conditions. Here, there appears a region where a slight reduction in bit-rate actually 
increases the BER instead of decreasing it. This appears to be due to the relaxation 
oscillation frequency, with a likely minimal BER where an integer number of relaxation 
oscillation wavelengths can fit inside a single communication symbol. This laser diode 
appears to have a relaxation oscillation frequency between 7.5 and 8 GHz as shown in 
Figure 4.6.  
 
Figure 4.6: BER's sensitivity to relaxation oscillation frequency of approximately 7.6 
GHz. 
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At the data rate of 3.8 Gbps, two full relaxation oscillation periods fit in a single 
communication symbol, implying a relaxation oscillation frequency of 7.6 GHz, 
however, time is required for the laser to transition into and out of the relaxation 
oscillation period, so the free-running relaxation oscillation frequency is slightly above 
7.6 GHz. Other data rates represented in Figure 4.6 near 3.8 GHz exhibit eye-closure due 
in part to the inability to fit an integer number of frequencies in a single bit interval. 
Figure 4.6 also shows how mode partition noise, expected in the modulation of any multi-
mode laser diode appears, as expected, in eye diagrams. 
 
4.1.2. OIL Laser’s Back-to-Back Bit-Rate Limits 
Evidence supports the hypothesis that the modulation response of the electronic 
packaging, rather than that of the laser diode, is the primary limiting factor in back-to-
back bit rate testing and fiber dispersion is the dominant limiting factor only over 
significant distances, especially under free-running conditions. Support for this 
hypothesis comes from the fact that the 3-dB cutoff of a laser diode is often located near 
its relaxation oscillation frequency, which, from Figure 4.6, is likely around 7.6 GHz for 
this laser. If the modulation response of the electronic packaging is indeed the limiting 
factor (parasitic capacitance of the electronic packaging inhibit operation to ≈5 Gbps) 
then any modulation response improvement that the laser diode experiences through the 
optical injection of this laser using its current electronic mount and packaging will not be 
reflected in our BER metrics. However, once the modulation rate is within the 
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electronics’ pass-band, the OIL induced improvement to dispersion and chirp will 
become obvious. Figure 4.7 shows significant degradation of the free-running laser’s 
ability to communicate over 10 km due to optical dispersion. 
 
 
Figure 4.7: Significant EYE degradation due to fiber dispersion on the free-running 
laser: left 0km, right 10 km.  
 
 Figure 4.8 directly compares the performance of a free-running (left) to an 
optically injection-locked (right) laser diode communicating at the edge of its tolerable 
BER range through 10 km of fiber. Both experiments show nearly the same BER but for 
apparently different reasons and with the OIL setup communicating over 4 times as fast. 
The eye diagrams in the left column of Figure 4.8 illustrates how a free-running 
laser diode modulated at 1Gbps encounters significant degradation due to dispersion 
while the modulation response is still quite good. This is apparent by comparing the 
amplitude of the high-frequency bit pattern {01010101} to the amplitude of lower-
frequency bit patterns {00001111}. Since the amplitudes are nearly equal, good 
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modulation response at 500MHz. The thick or high variance line drawn for the eye 
diagram indicates that dispersion limits this communication signal. 
A quadrupling of the bit rate for the OIL case is observed in the right column of 
Figure 4.8 and indicates a modulation-efficiency limitation rather than degradation 
caused by dispersion. Again comparing the highest frequency to the lowest frequency bit-
toggle eye diagrams, the opposite is now seen. At 4.25 Gbps significantly attenuated and 
asymmetric eye is produced, implying poor modulation response at the highest 
fundamental frequency of 2.125 GHz. The low variance of the “eye line” indicates 
robustness against channel dispersive effects unlike its free-running counterpart. The 
conclusion is that a direct comparison of a bit-rate-distance product between these two 
tests would result in the unfair comparison of a dispersion-limited communication system 
to a modulation-response-limited system, and would be inappropriate.  
Figure 4.8 supplies further evidence supporting the hypothesis that it is the 
electronics, not the laser diode, limiting the modulation response. All the OIL tests were 
performed using the same slave laser electronic packaging and are therefore subject to the 
same electric parasidics. Under OIL BER results, similar to those obtained for the 0 km, 
2.1 mW, free-running, laser of Figure 4.5 (green diamonds) are found. This similarity 
implies that the effects of chirp and dispersion on the OIL signal are not significant when 
compared to the modulation limitations of the electronics supporting the OIL laser. 
Therefore, to make a bit-rate-distance product comparison between OIL and free-running 
lasers, a length of fiber longer than 10 km is necessary and a bit-rate below 4.25 Gbps is 
required. 
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Figure 4.8: A time domain comparison between the maximum bit-rate for 10 km 
fiber length indicates the free running laser (left) is dispersion limited while the OIL 
laser (right) appears to be modulation response limited. 
 
Figure 4.9  shows a comparison of a laser diode under free-running and OIL for a 
high bit-rate condition in the end-to-end configuration. By studying this figure, the effects 
produced by OIL are highlighted along with the complexity of OIL.  
 93 
 
Predictably, the mode-partition noise is absent in the OIL eye. The relaxation 
oscillation frequency, obvious in the free-running eye is also missing in the OIL eye. This 
is either due to the dampening effect of heavy optical injection or to the enhanced 
relaxation oscillation frequency which is a function of detuning frequency and injection 
strength. In this case, the detuning frequency was maintained close to zero which 
theoretically yields a ‘flat’ S21 modulation response. The closely-spaced colors of the 
OIL eye’s line indicate that the steepness of its BER contour is much higher than its free-
running counterpart. 
 
Figure 4.9: Qualitative comparison (top) and BER measurement (bottom) of free-
running and OIL laser diodes under 3.5 Gbps modulation. 
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While both eyes in Figure 4.9 were measured with the same optical power at the 
photo detector, as indicated by the same threshold voltage, the modulation depth is not 
the same, as indicated by the relative shortness of the OIL eye compared to the free-
running eye. This indicates lower modulation efficiency for the OIL case, a metric which, 
all-else-equal, counts against the direct modulation capability of the OIL laser. 
Modulation efficiency is typically overlooked as an insignificant figure of merit in 
telecommunications.  
Digital telecommunications receivers typically measure the average DC shift of 
an incoming signal and subtract it before performing a sign comparison after its latch-
and-hold (see Appendix A). This typical application makes it customary to measure eyes 
of the same eye height instead of same signal power in telecommunication applications. 
This is due to the inability in most transmission lines to transmit DC. If that metric is to 
be used in this case, the OIL signal will benefit significantly and prove to be an even 
better performer (known from other tests not shown in this figure). However, since the 
DC optical power was necessary to form the signal in the first place, metrics reported 
here count the DC-shift against the OIL signal and still show bit-rate-distance product 
improvement under OIL. 
The discussion surrounding issues related to modulation efficiency exemplifies 
how important it is to parameterize OIL for optical communications applications. A slight 
change in either the detuning frequency or injection strength can have a dramatic effect 
on the modulation efficiency which translates to eye-height and BER. Depending on the 
application, the trade-off between pass-band flatness and signal strength will determine 
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the optical injection strength and detuning frequency appropriate for a specific 
application. 
 
4.1.3. Dispersion Limits for OIL Lasers 
Back-to-back modulation tests are not able to perform telecommunication 
capability comparison between two laser diodes because there is an insufficient distance 
to multiply the bit-rate by to report the bit-rate-distance product or observe dispersive 
effects. Figure 4.10 shows the bit-rate-distance product for the free-running Fabry–Pérot 
laser diode used to plot Figure 4.5. The maximum bit-rate-distance product measured 
with a BER below 1E-9 is the point at which the effects of the relaxation oscillation 
frequency helped the BER, bit-rate-distance product =8.19 Gbps∙km for a BER of 2E-10. 
Most tests revealed a dispersion limited bit-rate-distance product value between 7.5 
Gbps∙km and 8.4 Gbps∙km for BER between 5E-10 and 1E-8.   
To characterize the effects of dispersion on the OIL laser system, the bit rate was 
held constant while the fiber length was increased. As indicated in Figure 4.9, it can be 
somewhat ambiguous whether optical injection is advantageous at very-short distances 
(given the electrical limitations of the laser package). However dispersion effects in the 
free-running laser can be readily seen at the relatively short metropolitan area distance of 
2.7 km where a power penalty between 0.5 and 2 dBm can be measured depending on the 
BER range of interest (higher power penalty for lower BER due to statistical shape 
difference between OIL and free-running eye lines). At 2.7 km, however, dispersion 
characteristics are still insignificant in comparison to modulation-rate parasitic in the OIL 
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laser. To measure a bit-rate-distance product that is dispersion limited, the fiber length 
has to be increased. 
 
Figure 4.10: BER to bit-rate distance for Free Running Fabry–Pérot laser.  
  
The dispersion-induced power penalty was found to increase more rapidly for 
increased lengths of SMF for the free-running laser than the OIL laser. This advantage of 
optical injection locking was best highlighted by the characterization of a link where no 
amount of optical power could overcome the deleterious dispersive effects when the free-
running laser was used as the transmitter while the same laser under injection locking was 
found to still be dominated by electric modulation parasitics. In order to compare the 
dispersive effect of the OIL laser to the dispersive effect of the free-running laser, a two-
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step measurement was made, one that compared the power penalty of the free-running 
laser through a shorter length of fiber to an OIL laser through the same shorter length. 
The second measurement compared the performance achieved when the OIL laser was 
used to transmit through the longest SMF we had on hand to the OIL through the short-
distance.  
Figure 4.11 shows these three BER versus power curves. Two curves were 
through 2.7 km, one OIL and one free-running. The third was OIL through 61.7 km 
which was not long enough to fully dispersion-limit the OIL laser. As a consequence, the 
bit-rate was also increased from 1 Gbps to 2.5 Gbps. At one location, around BER=1E-
10, the power penalty suffered by the OIL signal through 61.7 km equaled the power 
penalty suffered by the free-running laser through 2.7 km of fiber. This allows a direct 
comparison between the two systems at that BER. Here the free-running laser enjoys a 
bit-rate-distance product of 2.7 Gbps∙km while for the same BER and power level for the 
OIL setup resulted in a bit-rate-distance product of 154.25 Gbps∙km for a 57.12 fold 
improvement. This is dependent on the selected BER and power level. Deployed 
commercial systems insist on lower BER, which for this system would show an even 
higher improvement for OIL over free-running lasers. 
The divergence between the OIL and free-running lines at low predicted BERs in 
Figure 4.11 indicates a different line-shape in the free-running laser’s eye diagram which 
reduces the benefits to linear amplification. This divergence implies that the OIL signal 
needs fewer digital repeaters, where the communication symbol is completely 
demodulated and re-modulated to overcome simple channel impedance. This is because it 
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can handle more linear amplifiers before its noise floor interferes too much with its 
signal. 
 
Figure 4.11: BER versus optical signal power plots allow power penalty comparison 
between operating conditions. Inset shows how plots diverge as predicted optimum 
BER decreases and the circled area indicates the region where the performance was 
compared to each other. 
 
Quantitatively, the three points circled in Figure 4.11 are comparable in that they 
have the same BER following the procedure described in Figure 3.4. Qualitatively, 
however, they appear quite different from one another. Figure 4.12 provides a side-by-
side qualitative view of the communication signal using eye diagrams. The overshoot 
associated with the relaxation oscillation frequency is present in the free-running case, 
while the reduced modulation efficiency is observable in the OIL cases. The eye opening 
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obtained by sending the 2.5 Gbps OIL laser through the full-length of fiber has degraded 
because of electric parasitics and dispersion related limitations. 
 
Figure 4.12: These 3 eye diagrams coincide with the three points compared for 
power penalty between long-distance optically injection-locked (left) short-distance 
OIL (center) and short distance free-running (right). 
 
4.1.4. OIL Conclusion 
In this work we demonstrated an improvement of at least 23 times the bit rate-
distance product of a commercial Fabry–Pérot diode laser using OIL. This improvement 
is attributed to the ability of OIL to improve the SMSR while also reducing wavelength 
chirp under direct modulation. Using commercial diode lasers, this work proves the 
ability to couple two devices, one designed for high-speed modulation and one designed 
for single-mode operation, in order to yield a transmission system far more capable than a 
similar system using either device alone. Temperature tuning the master laser to each of 
the Fabry–Pérot modes of the slave laser provides a simple route to WDM. The ability to 
enhance the modulation bandwidth of multi-mode devices and the bit rate-distance-
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product demonstrated over 61.7 km of SMF in this work, shows that OIL of Fabry–Pérot 
lasers is viable approach towards the realization of a high-speed, long distance directly 
modulated transmitter. 
4.2.  Encoding the P1 Dynamic of Optical Injection 
The P1 dynamical state (P1), located at the positive detuning edge of the stably 
locked region, allows the generation of widely tunable microwave frequencies without 
the use of traditional high-frequency support electronics. This research generates 
consecutively sequenced spread spectrum (CSSS) communication symbols at widely 
tunable microwave subcarrier frequencies. These microwave frequencies start as low as 
the free-running relaxation oscillation frequency just shy of 8 GHz and continue at least 
to 26 GHz, the cutoff frequency of standard SMA connected coaxial cables. 
This high frequency modulation was accomplished using the same support 
electronics used in our optical injection-locked (OIL) experiments which have cutoff 
frequencies around 5 GHz. This ultra-wideband on-off-shift-keyed (OOSK) highly 
tunable signal modulation required no electrical local oscillators except those required for 
baseband symbol generation. These symbols are consistent with early WiFi (IEEE 
802.11A) standards and were transmitted through 50 km of standard optical fiber (SMF-
28) on a 1550 nm optical carrier. The results presented in this section demonstrate the P1 
dynamic’s suitability for the rapidly growing interest in radio-over-fiber communications. 
This section starts with general observations and a brief discussion of the free-
running or non-modulated P1 signals generated all-optically. Specifically, we focus on 
data captured from the Optical Spectrum Analyzer (OSA) and Electrical Spectrum 
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Analyzer (ESA). Time-domain images of communication symbols entering and exiting 
the P1 state, either from the familiar eye analyzer or from an oscilloscope are presented 
along with accompanying ESA plots.  
This research is unique to the field in that it applies a large-signal baseband 
modulation to the slave laser’s bias current. We also report, for what we believe to be the 
first time, P1 frequency stability in the context of baseband modulation rate, finding that 
the P1 frequency stabilizes when it is equal to a harmonic of the fundamental of the 
modulation rate.  
 
4.2.1. The P1 State 
The P1 oscillation state is described as the condition where the slave laser is 
locked to the injected field and the coupled system oscillates at the injected frequency 
(finj) with sidebands at frequencies of finj  fr, where fr is the enhanced resonance 
frequency of the optically injected laser. The resultant electric-field of the optically 
injected slave laser oscillates un-damped towards a steady-state frequency as in a free-
running or stably locked semiconductor laser. An example of the P1 state, and its 
associated electrical power spectrum after the optical signal is passed through a high-
speed photodetector, is given in Figure 4.13. These figures, captured with the direct 
large-signal slave modulation turned off, show the un-damped and enhanced resonance 
frequency of the injected Fabry–Pérot slave laser, and the microwave frequency whose 
peak power over average noise power is 30.8 dB.  
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The optical and corresponding electric spectra shown in Figure 4.13 is an 
appropriate example of a radio-over-fiber signal that meet the International 
Telecommunication Union’s (ITU) optical wavelength/bandwidth extent allowed for a 
single wavelength-division multiplexed (WDM) band. The ITU has separated the popular 
communications wavelengths surrounding 1310 nm and 1550 nm in 50-GHz-wide bands 
for standardized optical filters, carrier wavelengths, routers, and other communications 
equipment. As seen on the left in Figure 4.13, harmonics that fall outside of this band (-
25 to 25 GHz) are suppressed more than 30 dB and the electric extent is easily contained 
within the 50 GHz as shown. The ESA reports only the positive half of the electric 
spectrum, this is because negative frequencies equal positive frequencies in power 
spectral density, (see Appendix A).  
An additional item of interest is the P1 microwave frequency is orthogonal to 
baseband. This OOSK modulation of the P1 tone creates an average optical intensity 
change from P1 on state to P1 off state. That average intensity modulation projects 
energy into baseband, causing some baseband interference. 
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Figure 4.13: Left, optical spectra of the period one state carrying an 11.87 GHz 
microwave frequency shown on the right. 
 
As discussed in Chapter 2, optical injection provides a method of single-sideband 
modulation. Figure 4.14 where the optical spectra of the P1 signal appears to be almost 
exclusively single-sideband modulated. It is important to note that the same average 
power is present in the P1 spectra as in the free-running spectra and the optical spectrum 
widens appropriately to accommodate the modulation bandwidth. In order for the spectra 
to widen, the optical power has to come from somewhere; and in this case it came from a 
seemingly small but nevertheless significant reduction in peak amplitude as well as the 
suppression of the remaining non-injected Fabry–Pérot modes, not shown in Figure 4.14. 
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Figure 4.14: Left, OSA trace of P1 optical spectra traced over the free-running 
optical spectra; Right, ESA plot of the signal output from receiving photodiode. 
 
Here we find that the center frequency of the P1 signal is more than 1.4 GHz 
higher in Figure 4.14 than in Figure 4.13. This implies an increase in injection strength 
and/or in detuning frequency occurred with respect to the conditions present in Figure 
4.13. Moreover, the spectral width present in the electric spectrum of Figure 4.14 is 
significantly larger than that found in Figure 4.13. This additional electrical spectral 
width is shown more clearly in Figure 4.14 because the resolution and video bandwidth 
on the ESA was improved. In this setting, the ESA took more time to sweep which 
allowed the P1 frequency time to drift between or even during measurements. This 
caused the ESA to report lower signal amplitude and higher signal bandwidth than it 
reported in Figure 4.13. 
 
4.2.2. Stabilizing the P1 Tone 
Frequency instability of the P1 signal is one of its biggest drawbacks as it makes 
many of its microwave applications more difficult to perform, especially when timing 
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based on its frequency, or applications requiring coherent detection are required. 
Frequency instability (phase acceleration) as high as 10 MHz/s, though uncommon, has 
been seen for this laboratory setup. Though movement on the order of 100 kHz has been 
observed, values in the 1 MHz/s are more common resulting in a very large operational 
bandwidth for a receiver’s phase-locked-loop to match. Figure 4.15 emphasizes the P1 
frequency instability issue, showing a near 200 MHz bandwidth that is not smooth. 
 
 
Figure 4.15: Spectrum of ≈11.7 GHz P1 tone from full 25 GHz view (left) and 
zoomed into the 500 MHz surrounding it (Right). 
 
 The effect that modulation has on this P1 tone is quite remarkable in both a 
qualitative and quantitative sense. Available in the lab are the same baseband modulation 
electronics which were used in the previous section. This includes the BERTScope which 
produces unipolar or bipolar rectangular PAM signals and expects to receive and 
demodulate the same type of signal. As before, this rectangular PAM signal modulates 
the current of the slave laser diode using a bias tee, and therefore, small-signal analysis 
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predicts the spectral components of this baseband signal to be simply convolved with the 
spectral components of the P1 signal. The expected spectrum of the resulting convolution 
demonstrated in lab is shown in Figure 4.16. Notice the large electrical spectral power 
located near baseband due to the P1 modulation. This comes from the higher ‘average 
value’ or DC shift present during a P1 ‘on’ state. 
 
Figure 4.16: P1 modulated with unipolar rectangular PAM at non-random 
intervals. 
 
 The ‘wandering’ P1 tone, shown on the right of Figure 4.15, was observed to 
stabilize under modulation. The degree of stabilization was found to be dependent on the 
modulation rate. The highest degree of stabilization was observed when a significant 
modulation harmonic fell within the frequency extent of the P1’s ‘wander’. This is shown 
explicitly in Figure 4.17 where the range of the P1 is again shown in the top left. In this 
figure the modulation rates: 1.11Gbps (top right), 1.12Gbps (bottom right), and 1.13Gbps 
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(bottom left) were chosen for an integer baseband harmonic (the 21
st
 harmonic) to fall 
inside, inside, and outside the P1 supported range respectively. 
 
Figure 4.17: Top left: zoomed in view of un-modulated P1 tone; top right: zoomed in 
view of P1 tone modulated at 1.12 Gbps; bottom right: modulated at 1.11 Gbps; and 
bottom left: 1.13 Gbps.  
 
The ESA settings were set the same for the three plots of the modulated P1 signal 
in Figure 4.17. The center frequency was set to 11.75 GHz with a  span of 500 MHz, the 
resolution bandwidth and video bandwidth were both set to 3MHz and the reference level 
was set to “auto” which produced a -30 dB offset for the plots on the right and -20 dB 
offset for the plot in the lower left. These settings imply that the raised noise floor in the 
lower left plot is 10 dB higher than the noise floor in the plots on the right. The 
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conclusion is that setting the modulation rate to have a higher-order harmonic that lies 
within the supported P1 region results in 10 dB or better reduction of average noise 
power.  
One hypothesis explaining the significant P1 stability observed under supported 
modulation conditions is coordination with a high-order baseband harmonic. Enough of 
the small-signal harmonic produced for the shape of the baseband modulation waveform 
(in this case, rectangular PAM) is coupling with the slave laser diode, in spite of the low-
pass nature of the modulation electronics, to coordinate or synchronize the P1 
modulation. The observed harmonic located at 1.1655GHz is the 21
st
 harmonic of the 
highest fundamental frequency (555MHz) in a 1.11Gbps rectangular PAM modulated 
alternating bit sequence. The PSD of the 21
st
 harmonics should be approximately -46 dB 
or one forty-thousandth the power of the fundamental harmonic of a square wave. 
A competing hypothesis is that the large-signal sub-harmonic modulation of the 
slave laser’s bias current is correlating the phase of the P1 oscillation at the beginning of 
the communication symbol. That phase correlation could appear to reduce the frequency 
instability. Additionally setting the symbol length (in time) appropriately to fit an integer 
number of P1 oscillations inside the symbol could further reduce inter-symbol 
interference and generation of phase noise. That reduction in phase noise could explain 
the reduction in noise floor for wisely chosen communication symbol rates. 
An additional qualitative observation (not shown here) was made for a different 
modulation rate and P1 frequency about the spectral shape of this supported harmonic. 
While the supported harmonic was scanned at a very fine resolution bandwidth (≈100 Hz 
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or less) the spectral shape was similar to the spectral shape of a baseband harmonic 
absent the P1 frequency, measuring straight from the BERTScope to the ESA through a 
SMA connected coaxial cable. This indicates spectral-shape coupling or following is 
happening inside the slave laser diode to the spectral-shape of the baseband modulation. 
 A monotonic large-signal modulation of the slave laser with as few harmonics as 
possible could potentially reject the hypothesis that high order harmonics are the cause of 
P1 stability. Care must be taken in such an experiment as nonlinear impedance can 
produce high-order harmonics from monotonic signals. Furthermore, introducing a 
modulation scheme which changes the intensity of the slave laser within a single 
communication symbol could cause intra-symbol P1 instability as shown in Figure 4.18. 
A small amount of microwave frequency instability can be tolerated in microwave 
communication systems if the symbol is predictable enough. This direct P1 modulation 
creates a predictable communication symbol, allowing coherent detection.  
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Figure 4.18: Eye diagram of communication signal with region of stable and 
unstable P1 frequency in the same symbol. 
 
When reducing the spectral components of the baseband modulation signal as 
suggested, the time-domain representation will lose its flat high and low voltage states as 
shown in Figure 6.16 appendix A. This will cause the injection strength to change slightly 
within a given communication symbol due to the modulation power coupling with the 
slave laser’s bias current and thus move the location of the P1 harmonic, or at least the 
range of the P1 harmonic’s wander as observed above. Since this test setup is directly 
modulating the slave laser’s bias current through a bias tee, an increase in bias current 
due to modulation will reduce both the injection strength ratio and the detuning 
frequency. Both effects reduce the frequency of the P1 state, as illustrated by the spectral 
plots in Figure 4.19 where the modulation power has shifted the center harmonic from 
≈11.5 GHz to ≈9.75 GHz. 
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Figure 4.19: A P1 tone (left) under modulation (right) can shift frequency due to the 
decreased injection strength and detuning frequency. 
 
This is not a trivial characteristic to control. In practice, a stable and controlled P1 
frequency is desired as receivers for perfectly stable microwave frequencies are made 
with less expensive frequency following circuits. For this reason, avoiding modulation-
dependent changes in P1 frequency is desirable. In an attempt to characterize this 
baseband modulation power coupling effect on the P1 frequency, plots of average optical 
power output from the slave under different modulation depths, rates, and bit-sequence 
types were created where the average optical output power (Y axis) was measured with 
respect to the DC bias current (X axis) under a variety of modulation conditions, see 
Figure 4.20. The results indicate that driving the slave laser well above threshold 
(approximately 3X), and keeping the modulation depth moderate (near 1V peak-to-peak), 
reduced the effects of modulation on slave laser intensity. This should minimize the 
modulation power’s effect on the P1 frequency.  
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Figure 4.20: Output intensity versus bias current under various modulation 
conditions. 
 
A communication system’s tolerance to carrier frequency shifts is heavily 
dependent on the type of demodulation used at the receiver unit. Figure 4.21 shows 
graphically how a communication symbol with a synchronized start time and phase but 
random frequency appears on an eye analyzer. The top MATLAB simulation allowed 
frequencies that varied by enough for a π/2 phase-shift while the bottom included a 3π/2 
phase difference in the same communication symbol. 
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Figure 4.21: Left, BERTScope eye diagrams and right, MATLAB simulations of 
communication signals with more predictable P1 frequency (top) and less 
predictable P1 frequencies (bottom). In all cases the initial behavior of the 
communication symbol is quite predictable. 
 
Recall the competing hypothesis; the P1 stability under modulation is caused by 
just enough time for an integer number of half-wave lengths of the P1 frequency to fit 
inside a single communication symbol. This implies that the P1 wavelengths of an 
unsupported frequency will cancel with delayed versions of itself and leave only 
harmonics, or, if none can be supported, just a noisy signal, thus increasing the noise 
floor for non-supported modulation rates. This hypothesis is supported by the time-
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domain measurements taken of the P1 symbols. The eye diagrams of the three symbols 
generated for the spectral plots of Figure 4.17 are shown in Figure 4.22. 
 
 
Figure 4.22: top left, overlapping P1 symbols, Top and Bottom right, P1 symbol 
created with P1 supported harmonic, bottom left, unsupported P1 harmonic. These 
time-domain representations correspond to the frequency domain signal 
representations in Figure 4.17. 
  
4.2.3. Demonstration of P1 suitability for Radio-Over-Fiber 
The eye diagrams in Figure 4.22 demonstrate the ability to generate predictable, 
on-off-shift-keyed communication symbols and clearly indicate the importance of 
choosing symbol-rates compatible with P1 frequency. It also shows that these signals are 
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all shifted in amplitude. While the P1 symbol is present, the average optical power of 
these demonstrated symbols is higher than the average optical signal when the P1 
symbols are absent. This change in average power means these P1 symbols are not 
orthogonal with baseband communications on the same channel and wavelength. After 
this optical signal is converted to an electrical signal at the photo-detector, the baseband 
component can be filtered out with a high-pass electric filter as demonstrated in Figure 
4.23. During transport on the photonic carrier, however, these signals would interfere 
with any baseband PAM. 
   
Figure 4.23: Two signals, one with baseband (left) one with base-band modulation 
removed with an electric high-pass filter (right) on the output of the photo detector. 
 
This P1 frequency can be modulated at different modulation rates as shown in the 
oscilloscope screenshots in Figure 4.24. The signal on the left is modulated at 1.25 Gbps 
while the signal on the right is modulated at 591.5 Mbps. The second data-rate was 
‘discovered’ by iteratively adjusting the rate until a maximum modulation depth and ideal 
shape was found. This implies the P1 frequency is an integer multiple of 295.75 MHz. 
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These two signals will experience different amounts of dispersion due to the 
higher data-rate’s wider spectral occupancy. However, these signals will experience the 
same amount of transmission time delay as each other because they are located on the 
same optical carrier wavelength, which is confirmed by Figure 4.24. To form these 
images, the negative version of the modulating signal (shown in yellow) was applied 
directly to the oscilloscope while the positive lead was applied to the bias current of the 
slave laser diode. Here, the time delay between the two signals was measured to be 
41.9550 ns. Corning reports the index of refraction for their fiber is 1.4682 at 1550 nm. 
This calculation implies that there was 8.567 m of SMF between the BERTScope and 
oscilloscope. This simple calculation, however, does not elucidate the time delay required 
for modulation and filtering. 
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Figure 4.24: Two separate data signals over the same length of fiber experience the 
same time delay (41.9550 ns) appropriate for 8.566 m SMF at 1550 nm wavelength.  
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4.2.4. P1 Modulation Summary 
This section explored the degree to which the direct-modulation of the P1 
dynamical state of semiconductor lasers is suitable for telecommunications applications. 
This research demonstrated, for the first time, the direct generation of microwave 
communication symbols without the use of microwave support electronics at data-rates 
appropriate for long-haul telecommunication applications. It explored the modulation 
characteristics of widely tunable P1 subcarrier microwave frequencies. It demonstrated 
the ability to directly generate consecutively sequenced spread-spectrum symbols 
appropriate for wireless communications. It investigated the parameters, detuning 
frequency and injection strength, affecting the stability of the P1 frequency under this 
modulation condition and found that P1’s inherent instability could be overcome by 
setting the P1 frequency equal to a higher-order harmonic of the baseband modulation 
signal. 
4.3.  Summary 
This chapter is broken into two parts, the first discusses the measurements taken 
under optically injection-locked (OIL) conditions, while the second presents observations 
made under P1 dynamical injection conditions. The OIL discussion focuses largely on 
characterizing how improvements to each (S21 or linewidth) affect the optical 
communications link. The results of our work showed that OIL improved the bit-rate-
distance product of the Fabry–Pérot laser under investigation by over 57 times.  
The majority of the P1 measurements performed investigated the effects produced 
by varying the modulation parameters and the ease of shifting/modifying the microwave 
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subcarrier frequency. The P1 setup produced consecutively sequenced spread spectrum 
(CSSS) communication symbols appropriate for transmission wirelessly. This modulation 
technique demonstrates a unique method of accessing an orthogonal communication 
channel using only baseband electronics.  
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5. Conclusions 
5.1. Summary 
This work presented, for the first time, the application of theoretically derived 
optical injection parameters for the enhancement of the telecommunication capability of a 
complete operationally realistic telecommunication system. It exhibited a very wide 
range of data-rates through representative lengths of SMF. It also demonstrated the 
encoding of information on the dynamical P1 state of optical injection using baseband 
electronics by varying the detuning frequency and optical injection strength. 
 
5.2. Key Findings  
First, this work verified stably locked optical injections benefit in a relevant 
communication system. It reported at least 57 times the bit-rate-distance product of a 
directly-modulated commercial Fabry–Pérot laser using OIL for the same optical signal 
power. This improvement is attributed to the capabilities of OIL to improve the side-
mode suppression ratio (SMSR) and reduce wavelength chirp under direct modulation. 
This research illustrated the degree to which optical injection can improve the 
communication capability of a directly modulated laser diode in an end-to-end 
telecommunication application.  
Using commercial diode lasers, this research proved the ability to couple two 
devices, one designed for high-speed modulation and one designed for single-mode 
operation, to yield a transmission system far more capable of either device operating in 
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singular fashion. It also confirmed the enhancement of the modulation bandwidth of 
multi-mode devices. The bit rate-distance product reported over 61.7 km of SMF in this 
work, confirmed that OIL of Fabry–Pérot lasers is a viable approach towards a high-
speed, long-distance capable transmitter. 
Second, this work demonstrated the ability to all-optically generate an on-off-
shift-keyed widely-tunable P1 microwave subcarrier using large-signal electrical 
modulation applied directly to the slave laser under CW optical injection. This novel 
approach used an amplitude-modulated electrical signal to change the slave laser’s 
operating point to generate the microwave sub-carrier signal on an optical signal. This 
was unique in that it allowed the widely-tunable microwave frequency to be directly 
generated and transmitted on an optical carrier using only baseband electronics. The 
generated microwave signal was carried over 50 km of single-mode fiber to confirm the 
applicability of the directly-modulated slave in the P1 state for radio-over-fiber. 
 
5.3. Contributions 
This study demonstrated the engineering application of the theoretically derived 
optical injection parameters (frequency detuning and injection strength) to enhance 
telecommunications using operationally-representative, commercial off-the-shelf 
equipment. This research performed experiments in two generic areas of optically 
injected guided-wave optical telecommunications: stably-locked and period-one state. 
Both areas involved direct-modulation of semiconductor lasers under optical injection. 
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Both experiments involved the use of support electronics with baseband (low-pass filter) 
response limited to frequencies below 5GHz.  
All key components of the system were composed of readily available 
commercial off-the-shelf equipment. This research effectively raises the “technology 
readiness level” of optical injection for telecommunication from 4 to 5. This work 
demonstrated technology maturity by using theoretical parameters to describe the 
interaction between individually studied components. This to created a complete end-to-
end telecommunication system representative of operational environment.  
This stably-locked optical injection research presented reputable bit-rate-distance 
products for optical communications using relatively inexpensive commercial off-the-
shelf components. It confirmed the ability to couple two devices, one designed for high 
speed modulation and one designed for single mode operation, in order to yield a 
transmission system far more capable of either device operating in singular fashion. The 
investigation of an injection-locked Fabry-Perot laser showed a 57 fold improvement to 
the bit rate-distance product compared to the free-running case when received optical 
power is considered. This result highlights the reduction of linewidth and wavelength 
chirp in a directly-modulated injection-locked laser.  
 Large-signal direct-modulation of a diode laser optically-injected into P1 
operation was shown to produce consecutively sequenced spread-spectrum microwave 
communication signal consistent with IEEE 802.11a (WiFi) standard. The signal was 
highly tunable and transmitted over 50 km, suitable for radio-over-fiber applications. The 
P1 signal was shown to stabilize under specific modulation rates, in some cases 
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improving the signal to noise ratio more than 10dB for marginal changes in modulation 
rates. 
Temperature tuning of the master laser to each of the Fabry-Perot modes of the 
slave laser provides a simple approach for WDM applications. The ability to enhance the 
modulation bandwidth of multi-mode devices, and the bit rate-distance product 
demonstrated over 60 km of SMF in this work, shows that OIL of Fabry-Perot lasers is a 
viable approach towards a high-speed, long distance capable transmitter. 
 
5.4. Future Work 
The field of optical injection is rich with research opportunities. As with any time 
and resource constrained research, there are still significant untested hypotheses waiting 
to be rejected or accepted. This section discusses only a few of those hypotheses and 
research areas. 
 
5.4.1. General Purpose Network Analyzer 
A general purpose network analyzer (PNA) is the tool best suited for measuring 
the modulation response between any two ports of a passive or active network (including 
microwave reflections from the same port). A PNA measures impedance, VSWR, loss, 
gain, isolation, and group delay. This work referenced several “S21” plots, generated by 
PNAs, in other research, but never reported any of its own. This research would benefit 
from testing both the electronic packaging of the slave laser and the laser diode itself. In 
particular, it would add value to the section 4.1.2 discussing the slave laser’s back-to-
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back modulation limits. While this research was able to conclude the electronics limit the 
modulation response, it did not measure the 3-dB cutoff modulation response. 
 
5.4.2. Monotonic Direct Modulation 
This research focused on using an end-to-end logical bit-error-ratio tester that 
used TTL type logic for both its output and input ports. This was appropriate for 
demonstrating a complete telecommunication system. In general, testing should take TTL 
logic (as would appear from the output port of a transmitter), transform it for 
transportation through the channel, and convert it back to TTL for the telecommunication 
receiver. However, the spread-spectrum nature of rectangular PAM leaves some 
ambiguity between a systems’ time-domain response compared to its frequency domain 
response. One example of this ambiguity was noted in Chapter 4 while discussing the 
stability of the P1 frequency:  
 Did the very-small amplitude high-frequency signal (21st harmonic) located at 
the same P1 frequency from the BERT that stabilized the P1? 
 
 Did the large-signal fundamental harmonic that correlated the phase of the P1 
signal at the beginning of the communication symbol?   
 
Amplifying the monotonic signal from a local oscillator through a microwave 
amplifier fed into the bias-tee of the semiconductor laser would satisfy the removal of the 
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high-frequency (31
st
 harmonic) component from the modulating electronic signal. 
However, the non-linear nature of the bias-tee might create that harmonic again. 
Therefore, measuring the spectral content of the optical signal through a high-speed 
photodetector would be prudent. 
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6. Appendix A 
6.1.  Baseband Modulation and Demodulation 
When a transmitting Boolean logic digital device communicates information to a 
receiving Boolean logic digital device, it does not need to know exactly how the 
receiving device internally represents Binary digITs or bits, processes these bits, or even 
the rate at which it handles bits. What is necessary is that the two devices agree on the 
logical content. The cartoon in Figure 6.1 depicts how communication systems move 
information from a transmitter to a receiver through a channel and Figure 6.2 illustrates 
how bits in error effect communications and how the effect is measured at the physical 
transport networking layer. 
 
Figure 6.1: Cartoon of binary digital data communication 
 
A metric of how well the receiver and transmitter agree on the logical content of 
communicated data is the quotient of the number of bits in error divided by the total 
number of bits transmitted and is called the Bit Error Ratio (BER). In practice a BER 
greater than .0125 is not very useful, so in practice, reporting BER quotients in the form 
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of XE-Y, is cleaner [23]. For example, a common BER such as 6.8E-8 means 68 bits in 
error per billion total bits transmitted.  
 
 
Figure 6.2: Illustrates the bit error ratio by showing an intended bit string, ASCII 
"it" with two bits in error which transformed "it" to "yT" leaving a BER quotient 
of 1.25E-1. 
 
The simplest way to represent a bit is with a logic voltage level. If two logic chips 
use the same external logic level or line voltage then simply connecting the data output 
pin of the transmitter to the data input pin of the receiver and synchronizing with a 
common clock yields a simple digital communication system. Assigning logical bits to 
voltage levels in this way describes a baseband digital communication technique known 
as binary pulse-amplitude modulation (PAM) [23]. 
In telecommunications, the term baseband refers to an electrical signal whose 
spectral content is measured from 0 Hz and does not utilize a sinusoidal carrier signal.  
This can be quite confusing.  The fundamental harmonic or the minimum bandwidth 
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required for a 10 gigabit per second (Gbps) baseband square wave communication link is 
5 gigahertz (GHz) while the carrier frequency of an FM radio station is approximately 
100 MHz.  The FM radio signal is not considered baseband, even though its peak spectral 
power is well below the 10 Gbps baseband signal. 
 Baseband modulation techniques encode information directly on the amplitude, 
width, position or shape of a pulse and do not rely on a sinusoidal carrier signal. A good 
communications system takes the baseband communication symbol from the 
transmitter’s data output pin and creates the same communication symbol for the 
receiver’s data input pin as quickly as possible, even if the receiver is thousands of 
kilometers away.  Common baseband pulse modulation schemes include pulse-width 
modulation (PWM) used to control servo motors, pulse-position modulation (PPM) used 
in optical communications and, the most commonly used form of digital communication 
modulation, pulse-amplitude modulation (PAM) shown in Figure 6.3 [23].  
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Figure 6.3: SIMULINK model of a simple Pulse Amplitude Modulated digital 
Communication System. 
 
In its most basic form, digital communication systems can be thought of as 
physical extensions of logical processes that occur inside a logical chipset.  The voltage 
plots from running the Simulink model shown in Figure 6.4 help illustrate the digital 
communication process. First a transmitter, represented here by a random number 
generator, converts its logic bit rate (bits per second or bps) into a PAM signal, 
represented by the rate transition block in Simulink. The system then amplifies that PAM 
signal in preparation for transmission through the channel where it is attenuated and 
experiences additive white Gaussian noise.  The signal output from the channel is fed into 
the analog input pin of a sample-and-hold circuit shown in Figure 6.5 whose sample 
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frequency and symbol phase is controlled by the frequency and phase of a local clock or 
pulse generator.  
 
Figure 6.4: The time domain plots of signals as they are processed by the simple 
PAM digital communication system helps illustrate how a simple PAM system 
works. 
 
The analog output signal from the sample and hold is then compared to an optimal 
offset voltage and is transformed to the receiver’s logic voltage for processing, and 
represents the receiver’s bit rate. This step, simulated by the lookup table block, is known 
as “maximum likelihood decision…” most likely a 1 or 0 bit, “…based on a-priori 
decision criteria,” here represented by the frequency and phase of the pulse generator as 
well as the offset voltage value stored in the receiver [12]. A useful tool for finding the a-
priori decision criteria is a voltage versus delay time histogram of the communication 
signal called an eye diagram, which will be discussed later. Thinking of the receiver in 
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this way is a bit too rigorous for binary amplitude-shift keyed signals but is quite useful 
for more complex baseband symbols like PPM, PWM, and multi-level PAM, where more 
than 1 bit can be represented with a single communication symbol. 
 
 
Figure 6.5: A simplified sample and hold circuit diagram, AI is analog input, C is 
local clock or control input and AO is analog output. 
 
An example of a pulse-amplitude modulated digital communication standard is 
the 5 Volt I
2
C communication standard which defines the communication protocol 
between digital logic chips, usually on the same printed circuit board as positive 5 volts 
being treated as logic value 1 and 0 volts treated as logic value 0 with a voltage tolerance 
of .7 volts, very similar to the simple digital communications system simulation shown in 
Figure 6.3. This rectangular PAM standard works well for short communication distances 
and slow data rates in spectrally unlimited transportation channels.    
Baseband communication signals like I
2
C quickly become impractical when 
longer distances or higher data rates are required. Because of this, the baseband signal is 
up-converted from its baseband state onto a carrier signal for transmission through the 
channel, then down converted back to baseband before the baseband receiver. For 
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example, up-converted signals may be in the form of a 2.4 GHz microwave carrier 
frequency modulated using a directly sequenced spread spectrum (DSSS) approach, 
better known as WiFi 802.11a, for wireless transportation; alternatively, the baseband 
signal could be placed onto an 193 THz laser carrier using an on-off-shift-keyed 
modulation scheme as shown in Figure 6.6, better known as direct-modulation coherent 
optical communication.  
 
 
Figure 6.6: Directly Modulated Coherent Optical Communications simply drives a 
laser diode's bias current with an offset version of a baseband PAM signal. 
 
Directly modulating the bias current of a semiconductor lasers as shown in Figure 
6.6 is a simple and compact approach to pass data onto an optical fiber. Intrinsic 
limitations under direct-modulation such as wavelength chirp and inherent relaxation 
oscillation frequency constraints impede high-speed and long-distance communications 
capabilities of laser diodes [3]. Moreover, the electronic packaging of the laser diode also 
limits the modulation response of the optical communication system (note: the same 
electrical parasitics noted here limit the RF modulation capabilities of electrical 
communications, often to a much higher degree) [21].  
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Since a laser only works when the gain in an optical cavity can overcome the 
cavity photon loss, there is a threshold current, Ith applied to the laser diode, before 
which, it acts as a simple Light Emitting Diode (LED) whose light output is due to 
spontaneous emission [24]. Figure 6.7 shows how much more current is required for true 
on-off-shift keyed (OOSK) modulation than simply amplitude shift keying (ASK) a laser 
diode operating above the threshold current.  
 
 
Figure 6.7: Driving the laser diode directly with the PAM communication signal to 
On-Off-Shift Key (OOSK) the laser diode requires significantly more modulating 
current then small-signal Amplitude Shift Keying (ASK) of the laser diode through 
a bias tee [24]. 
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Though ASK optical signals do decrease the voltage differential between logical 
high and low voltage values, many optical communications systems find it easier to 
compensate for the optical signal’s average intensity (DC) shift than the additive white 
Gaussian noise (AWGN) introduced for the amplification of the communication signal 
used to drive the laser diode under OOSK conditions. Because of this advantage, many 
manufacturers produce laser diode packages which have an SMA cable connectors for the 
small signal radio frequency (RF) desired to modulate the direct current (DC) bias 
through a bias tee. A simple circuit diagram of a bias tee is shown in Figure 6.8.   
 
Figure 6.8: Simple circuit diagram of bias tee.  The RF+DC port drives the laser 
diode, the DC port supplies enough current to keep the laser diode current above 
threshold even under modulation from the RF port. 
 
 Ideally, the RF port will pass all alternating current (AC) power at frequencies 
greater than DC with identical conversion loss at every frequency.  Ideally the DC port 
will pass only Direct Current (DC) power and block all AC power.  In practice, however, 
there is a limit, both high frequency and low frequency, to what can be practically built, 
and still maintain a flat modulation response. Realistic bias tees couple a finite frequency 
bandwidth from the RF port and the DC port acts as a low pass filter with a cutoff 
frequency greater than zero. 
The impedance of the capacitor, Xc, and inductor XL, is described as: 
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 Solving for a high enough impedance to block the RF signal from passing to the 
DC port reveals that an effective inductor needs to be approximately 1 mH. Commercial 
inductors with 1 mH inductance have self-resonant frequencies around 1 MHz; several 
orders of magnitude short of the Accel-RF bias tee shown in Figure 6.9 which is created 
with more complex circuitry than shown by the simple diagram in Figure 6.8.  
Even top performing bias tees, like the one whose spectral response is shown in 
Figure 6.9, exibits non-ideal behavior. At modulation rates above 4 GHz, the Accel-RF 
device will attenuate the input signal by approximately 2 to 3 dB compared to the spectral 
components less than 1 GHz. This non-flat spectral response leads to unintended 
communication symbol shaping and potential wavelength chirp issues in the output 
optical signal.  
 
Figure 6.9: Spectral Response of Accel-RF's broadband bias tee, describes how 
much power applied to the RF port gets translated to the output port with respect to 
frequency. 
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6.2.  Baseband Power Spectral Density 
With some understanding that physical systems have spectral limits to 
modulation, it is now important to understand how time-domain baseband signals like 
rectangular pulse amplitude modulation (PAM) is represented in the frequency domain. 
One familiar baseband signal is a single rectangular polar PAM pulse centered at t=0 with 
a width / 2bT , the time-domain representation is given in equation (20). The arbitrary 
data map here points a binary 1 to +A volts and binary 0 to –A volts [23].     
 2 2
( )
( ) 0
b bT T
PAM
PAM
P t A t
P t otherwise
    

 (20) 
 
Figure 6.10: Output of a simulated binary rectangular polar PAM signal with A=5V 
and Tb=1 ms. 
 
 The magnitude of the frequency domain representation of a single rectangular 
pulse is given by the Equation [25]: 
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The energy of n polar PAM pulses is n times the square of PPAM over the load 
resistance RL, usually 1 for ease of analysis [25]:   
  
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 Since the sinc(f) function extends from f=-∞ to ∞, these equations are known 
as ‘two sided’ spectral density functions. The two-sided power spectral density (PSD) of 
the PAM signal is EPAM divided by n and Tb shown in equation [25]: 
 
  
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2
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PAM
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PSD f sinc f
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 The power spectral density of a 1 kbps polar rectangular random PAM signal 
without AWGN is shown in Figure 6.11, with spectral resolution of approximately 0.19 
Hz. The frequency range only extends to positive 25 kHz because the simulation only 
sampled the signal at 50 thousand samples per second (50 k/2=25 kHz). Ideally, analog 
systems spectral components extend to infinity. Also, since the simulation has finite 
length, the PSD is not smooth, while an ideal signal’s PSD is smooth. Even so, the 
envelope clearly demonstrates its sinc
2
 nature appropriate for this signal’s PSD. So, even 
though the polar rectangular random PAM signal is a baseband signal, spectral 
components extend to surprisingly high frequencies, and any of the frequencies cut off by 
non-ideal modulation shapes the time-domain communication symbol. 
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Figure 6.11: The simulated power spectral density of a 1 kbps (null every integer 
number of 1kHz) sampled at 50 thousand samples per second. Full Nyquist range 
displayed 25kHz (fsamp/2). 
 
Numerically integrating the PSD shown in Figure 6.11 provides a way to compare 
the expected to the actual signal power through band-limited channels. The expected 
power of the PAM signal is simply the amplitude of the PAM signal squared, divided by 
the load resistance as shown in the equation below. Table 3 shows the result of the signal 
power found by summing the power spectral density vector and dividing that sum by the 
integral of the time domain PAM signal [23]. 
 
  
2
2
b
PAM
L LT
P t A
P dt
R R
   (21) 
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Table 3: The percentage of total power of a binary rectangular PAM within a given 
bandwidth. 
Bandwidth (Hz) Percentage of Total Signal Power 
1/Tb 90% 
2/Tb 95% 
4/Tb 97.5% 
8/Tb 98.75% 
 
Clearly there is decreasing marginal benefit to including higher order harmonics.  
While the first four harmonics of a rectangular PAM signal contain 97.5% of the total 
signal power, the next four only contain 1.25%.  Though an optical communication 
system can easily accommodate the 8 kHz of bandwidth necessary to support 98.75% of 
a 1 kbps rectangular PAM signal, a more appropriate 2 Gbps rectangular PAM signal is 
simulated in Figure 6.12.   
The simulation shows how the fundamental harmonic, in this case a 1 GHz 
sinusoidal frequency with amplitude π/2, eventually becomes a ‘perfect’ square wave, by 
adding, one-by-one, each odd-harmonic.  Each of these many harmonics are represented 
by a delta function in the power spectral density plot of the eventually completed square 
wave in Figure 6.14. 
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Figure 6.12: Constructing a 2Gbps Square Wave using Fourier series coefficients.  
Shown here are plots of the waveform created from the first 1, 2, 3, 5, 10, and 100 
harmonics. 
 
Representing a rectangular PAM signal as a square wave is appropriate assuming 
the communication system can modulate frequencies up to that harmonic. The highest 
fundamental harmonic of a rectangular PAM communication signal happens when the 
modulator encounters alternating bit sequences such as 0 1 0 1 0 1.  The Fourier series 
representation of a square wave is given by equation (2.7) [25]. 
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The Fourier series representation provides a rough estimate on the location of the 
signal’s power in the frequency domain. As shown in Figure 6.14, by the 10,000
th
 Fourier 
series harmonic, the square wave looks almost perfect, and the spectral width of the 
signal is very wide, nearly 180 GHz. The largest spectral component is the fundamental 
harmonic of 1 GHz. Since this is a discrete simulation, the maximum frequency 
measurable is the Nyquist frequency equal to the sampling frequency divided by two.  In 
this case the sample frequency is approximately 3.5E13, so, though the computation 
would take a very long time, there technically is signal power located past 17 THz. 
 
 
Figure 6.13: MATLAB implementation of equation (22), the result of which is 
shown in Figure 6.14. 
 
Representing random rectangular PAM signals as a sum of Fourier Series 
Coefficients is only useful for finding approximate bandwidth occupation of signal space.  
In reality, the Fourier Series requires prior knowledge of every voltage level for all time.  
This is an inappropriate assumption, as the voltage level will only be known once the bit 
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is transmitted. To see the effect of this prior knowledge in the Fourier Series 
representation of a signal, see how the signal starts to ring toward the end of the 
communication symbol in Figure 6.12 in anticipation of the bit transition, which, from 
that bit’s perspective, occurs in the future. This effect breaks the causality rule of linear 
systems, and therefore is not present in real systems [26]. 
 
Figure 6.14: Top, time domain representation of a 2Gbps square wave assembled by 
summing the first 10000 coefficients of the Fourier series of a square wave. Bottom: 
the power spectral density of the same signal, without AWGN. 
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A more appropriate representation of a band-limited physical system is a 
simulation which employs a causal, low-pass filter in the transmission channel, additive 
white Gaussian noise (AWGN) and a Bit Error Ratio Tester (BERT) which will compare 
the received bit stream with the transmitted bit stream to measure the performance of the 
communication system.  Figure 6.15 shows the schematic of one such simulation based 
on Dennis Silage figure 2.9 in Digital Communication Systems Using MATLAB and 
Simulink [23]. 
 
Figure 6.15: Simulink model of band limited binary rectangular PAM 
communications system. 
 
Running the Simulink model in Figure 6.15 with a bit rate of 1 kbps, no AWGN, 
and a 9
th
 order Chebyshev type I low-pass filter with a cutoff frequency of 1.2 kHz and a 
10% pass-band ripple outputs signals shown in Figure 6.16 [23]. The interesting affects 
the channel parasitic has on the signal shape include the elimination of all but the 
fundamental frequency in the higher frequency 0 1 0 1 transitions. Also, the overshoot on 
the leading edge of the communication symbol is consistent with the anticipated signal 
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shape predicted by Figure 6.12. The energy required for the increase in amplitude comes 
from the higher frequency components not transmitted, and accounts for the time delay of 
one-half the bit interval. Conspicuously absent is the ripple on the trailing edge of the 
communication symbol.  This is because the Chebyshev low-pass filter is causal.  
 
Figure 6.16: Random rectangular PAM signal (top) passed through a Chebyshev 
type I filter (bottom) without AWGN. 
 
The trailing edge ripple obvious in Figure 6.12 for Fourier series coefficients of 2 
or greater helps the communication symbol’s overshoot be more predictable.  But this 
requires prior knowledge that the bit is about to transition. Notice how the high voltage in 
Figure 6.16 is a little higher after strings of 0s than it is after a single 0 or a string of 1s. 
That’s because the construction of a square wave using Fourier series coefficients 
requires the prior knowledge of the frequency of the square wave [26]. Real systems that 
use this technique delay the communication signal to account for future bit transitions 
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before transmission, and anticipate the overshoot. Each pulse shaping filter has its own 
specific time delay.  Generally, increasing the time delay allows the communication 
symbol to be closer to ideal shape and allows more efficient use of the channel spectral 
bandwidth.  Figure 6.17 shows an example of a shaped pulse signal called raised cosine 
PAM [23].  
 
Figure 6.17: Polar Raised Cosine PAM has a more effective use of spectrum, 
including the trailing edge ripple predicted with the Fourier series coefficients, but 
requires longer time delay to maintain causality. 
 
In comparison with the unfiltered polar rectangular PAM, which only introduces a 
time delay equal to half a bit interval to ensure highest probability of detection, raised 
cosine PAM requires the half-bit interval, plus the time delay associated with the pulse 
shaping filter, in this case 3 bit intervals. This increase in time delay does allow for more 
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efficient use of the spectral width of the channel as shown in Figure 6.18 [23] which, in 
turn, reduces inter symbol interference and allows more effective filtration of AWGN.  
 
 
Figure 6.18: Compared to the PSD of random rectangular PAM (top), random 
raised cosine PAM (bottom) at the same data rate is significantly more efficient. 
 
6.3. Eye Diagrams 
The optimal time delay for the sample and hold circuit as well as the optimum 
offset voltage that provides the lowest bit error ratio is not trivial to observe or calculate 
in a real system. A few of the major issues affecting communications are additive white 
Gaussian noise (AWGN), channel attenuation, distortion, and bandwidth, bit-rate 
instability (jitter), transmission delay, and inter-symbol interference (ISI).  An eye-
diagram provides an image to qualitatively assess these characteristics and more. 
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Performing a quantitative bit error ratio test for every possible delay time and 
voltage would take a prohibitively long period of time.  Therefore, to properly measure a 
bit error ratio of 1E-12 in a 500 Mb/s link would take over 2,000 seconds to perform for a 
single voltage and time delay point.  To get a map of 100 time delay points at 10 different 
voltage thresholds would then take about 23 days to measure.  As a result, the BERT 
Scope provides a feature called an eye diagram.  An eye is a two-dimensional histogram 
of voltage vs time delay where the probability of occurrence is represented by a different 
color or intensity dot.  Another way of looking at it, an eye diagram places the voltages 
associated with many random bit sequences on top of each other as shown in Figure 6.19. 
This eye diagram provides a way of “quickly and intuitively assessing the quality of a 
digital signal [27].” 
 
 
Figure 6.19: Eye diagrams are formed by overlaying bit sequences [27] 
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For slow data rates, such as the 1 kbps simulations above, an eye diagram is the 
output of an oscilloscope that has simply held thousands of traces on the screen at once, 
this is called “persist” on our oscilloscope. What is necessary for that analogy to be true 
is that the signal displayed on the screen be sampled at least at the Nyquist sampling rate. 
Figure 6.20 shows a simulated eye diagram formed by overlapping rectangular PAM 
vectors. The same signal as shown as ‘transmit’ signal in Figure 6.16 [23]. 
 
 
Figure 6.20: A simulated 'perfect eye diagram' created by overlapping hundreds of 
binary rectangular PAM symbols. 
 
An eye diagram created with the signal after the transmission through the channel 
looks qualitatively much different.  Where the eye diagram in Figure 6.20 appears to have 
a rise time only because of the sampling frequency of the input signal, the eye diagram in 
Figure 6.21 has a rise time because the low-pass 9-pole Chebyshev filter representing the 
spectral limitations of the transmitter and channel has shaped the signal.  A Chebyshev 
low pass filter with its pass-band ripple and steep cutoff slope more closely represents the 
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spectral response of an optical transmitter than the 9-pole Butterworth filter more 
common in baseband electronics[23]. 
 
Figure 6.21: Eye diagram formed with the signal output from the 9-pole Chebyshev 
signal filter in Figure 6.15 by simply overlapping the channel output vector 
segments. 
 
In a fast physical communication system, a real-world digital sampler will not be 
able to sample as many points per communication symbol; this slower sampling rate will 
result in a realistic eye diagram looking much like what is shown in Figure 6.22 [23], 
without the relational lines shown in Figure 6.21 [23] or, in an eye diagram of a weak 
optical system shown on the left side of Figure 6.24 [28]. 
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Figure 6.22: Eye diagram formed without drawing a line to connect the sampled 
points, showing more accurately what an eye diagram of a signal sampled below bit-
rate. 
 
In optical communication systems, communication speeds on the order of 5 
billion bits per second are common. However, the most advanced analog to digital 
samplers operate in the tens of millions of samples per second. Even though the sampler 
measures signals 3 orders of magnitude too slow, it can still form a useful eye diagram 
using the technique shown in Figure 6.23. The sample rate of an eye diagram analyzer 
differs from a standard digital sampling oscilloscope which determines its sample rate 
based on an external clock. An eye diagram analyzer, instead, bases its sample rate on the 
frequency content of the incoming signal itself, determining on the fly an optimal sample 
frequency to down-convert optimally into the intermediate frequency [28].  
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Figure 6.23: Shows how an eye diagram can be formed even as the communication 
signal of interest is grossly under sampled [28]. 
 
Figure 6.23 describes a process called ‘harmonic repetitive sampling.’  In this 
process the sampling time, Ts is a function of the fundamental signal period, in this case 
10 ns, the time span, the number of trace points, and the maximum sample frequency of 
the analog to digital converter (ADC).  The upper bound on the sample frequency is, of 
course, the highest sample frequency possible by the analog to digital converter in the eye 
analyzer. For illustration purposes, the eye analyzer described in Figure 6.23, the HP 
71501A, has a maximum sample frequency of 20 million samples per second, making its 
minimum sample time 50 ns. Equation (23) describes the process of calculating the 
sample time, Ts [28]. 
 
1 ( )
10
1
10
sS signalf
T N T T
Time Span ns
T ns
Number of Trace Points
   
   
 (23) 
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Mandating, that 0 T  , it is sufficient to simply solve the equality 
( )SignalTs N T   for an integer value of N to ensure the sample time is longer than the 
minimum sample time allowed by the ADC. In our example: 50 ( 10 )ns N ns  so N=5.  
For the example in Figure 6.23, the desired number of measured points per symbol is 10, 
and the symbol time is 10 ns, so 1T ns  . This makes the sampling time for the eye 
analyzer 51 ns, and, to form a single trace of an ideal square wave, the eye analyzer will 
need to have a sampling time of 510 ns [28]. 
If the signal of interest really was an ideal square wave, then a standard digital 
sampling oscilloscope would be a more appropriate tool to measure it. The oscilloscope 
would simply repeat the above process for about a second, correlate the measured points 
to a trigger and time average the measured signal to display a clear trace of the square 
wave. This is not possible; however, in the presence of pseudo random bit sequences 
(PRBS) as the time average would converge eventually on a DC voltage level, displaying 
only a flat line for the signal trace. Instead, eye diagrams simply place a small, dim, dot at 
the measured time delay and voltage. Placing many of these dots on the screen eventually 
creates a type of two-dimensional histogram as described above. An eye diagram created 
in this way is shown in Figure 6.24 [28]. 
From that eye diagram, however, it is difficult to determine whether eye closure is 
caused by noise, inter-symbol interference, mismatch noise, or jitter. To provide this 
relational information between different points, the eye analyzer repeats the same PRBS 
many times so the whole PRBS pattern can be measured at the desired sample rate and a 
relation between each point on the eye diagram can be created. The right graph in Figure 
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6.24 is a line diagram of the same communications signal measured in the left graph.  The 
line diagram clearly shows the overshoot that the optical communications system is 
experiencing at the 0 to 1 transition [28].  
 
 
Figure 6.24: Left, eye diagram created by under-sampling a PRBS communication 
signal losing all relational information between each measured point. Right, eye line 
diagram, repeats the same PRBS sequence enough to fully sample the entire 
sequence, keeping relational information between each point [28]. 
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